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Abstract
Resumen de los resultados de la tesis
La espectroscopı´a de las mole´culas orga´nicas, consideradas complejas desde un punto de vista
interestelar cuando tienen ma´s de 6 a´tomos, es la herramienta principal utilizada en este trabajo, tanto
en el a´mbito de laboratorio (en algunos casos con el laboratorio de espectroscopı´a molecular QUIFIMA-
UVA), como en l observacional (con datos del telescopio de antena u´nica de 30 m de IRAM, y en algunos
casos, con los del interfero´metro ALMA). La radioastronomı´a, necesita informacio´n de los laboratorios
de espectroscopı´a molecular, para la caracterizacio´n e identificacio´n de mole´culas abundantes en las
nubes moleculares del medio interestelar, en el caso concreto de este trabajo, la nube molecular asociada
con Orio´n-KL. La temperatura de esta regio´n de formacio´n de estrellas masivas hace que se exciten los
estados vibracionales ma´s bajos de muchas de estas mole´culas. Por lo tanto, adema´s de isotopo´logos,
contamos con la deteccio´n de algunos de sus modos vibracionales. Esto ha sido posible gracias a las
medidas en el dominio de las ondas milime´tricas y submilime´tricas realizadas durante mi estancia en el
laboratorio de espectroscopı´a del Profesor Jose´ Luis Alonso de la Universidad de Valladolid. A partir de
la informacio´n obtenida en el laboratorio, podemos afrontar el estudio de los estados vibracionalmente
excitados que contribuyen con una gran cantidad de lı´neas rotacionales a nuestro espectro interestelar.
Para ello, nos basamos en un grupo de familias de mole´culas que contienen nitro´geno (CH3CH2CN y
CH2CHCN) y otras que contienen oxı´geno (CH3OCOH e iso´meros; CH3OCOCH3 y CH3CH2OCOH;
CH3CH2OCH3; CH3CH2OCH3), con el fin de estimar las condiciones fı´sico-quı´micas de la nebulosa de
Orio´n-KL.
En los casos en los que se dispone de datos de ALMA, se pueden establecer sub-componentes
de la nube con una alta resolucio´n espacial. Esto nos ofrece una valiosa informacio´n acerca de
posibles mecanismos de formacio´n/destruccio´n de mole´culas interestelares, y nos define los para´metros
fı´sicos de cada sub-regio´n de la nube, para modelizar las lı´neas de las mole´culas detectadas con el
radiotelescopio de 30 m de IRAM. El ana´lisis astrofı´sico combinado con el ana´lisis de laboratorio, ha
permitido la deteccio´n interestelar de nuevos estados excitados por primera vez en Orio´n-KL: CH2CHCN
311=2,3; CH3CH2CN 312=1 y 320=1; CH3COOH, CH2OHCHO; trans-CH3CH2OCOH; y por primera
vez en el espacio: CH2CHCN (310=1)⇔(311=1,315=1); CH3COOH 3t=1,2; CH3OCOCH3; gauche-
CH3CH2OCOH; trans-CH3CH2OCH3. Con todas las mole´culas observadas y analizadas en esta tesis,
aportamos un total de ma´s de 9 600 caracterı´sticas espectrales, contribuyendo a reducir el nu´mero de
lı´neas sin identificar en el espectro de Orio´n-KL de manera muy significativa, y a inferir posibles rutas
quı´micas para la formacio´n de dichas mole´culas. Este trabajo, ha permitido caracterizar el espectro
de este prototipo de hot core, y tendra´ una alta relevancia en la deteccio´n e identificacio´n de lı´neas
moleculares con ALMA en otras regiones de formacio´n de estrellas masivas.
Para el diagno´stico de la regio´n de Orio´n-KL, es necesario obtener informacio´n acerca de la
estructura y dina´mica de la fuente, utilizar toda la informacio´n relevante obtenida en trabajos previos
por otros autores, y emplear co´digos de transferencia de radiacio´n adecuados, para determinar las
condiciones fisico-quı´micas de la nube. Para ello, utilizaremos varias herramientas para interpretar la
emisio´n observada en te´rminos de propiedades fı´sicas (co´digos LVG, diagramas rotacionales; ver Cap.
2), ası´ como la modelizacio´n de los procesos quı´micos responsables de la formacio´n de las mole´culas (ver
Cap. 3). Ası´mismo, en este manuscrito abordamos la metodologı´a tanto experimental (laboratorio) como
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observacional (radioastronomı´a), y el procedimiento de ana´lisis astrofı´sico para mole´culas orga´nicas
complejas con un espectro denso y poblado de lı´neas rotacionales que emergen de la nube y alcanzan
nuestros radiotelescopios (ver Cap. 4). La nube molecular seleccionada, Orio´n-KL, es una regio´n de
formacio´n de estrellas masivas cercana y referente para el tipo de mole´culas tratadas en esta tesis.
Finalmente, los artı´culos incluidos en este trabajo organizados por grupos de familias de mole´culas
conteniendo nitro´geno y oxı´geno, componen la estructura principal de esta tesis con la finalidad de
aportar un paso ma´s en el conocimiento de las regiones de formacio´n estelar masiva, y por ende, de la
complejidad quı´mica en este tipo de regiones y, con ello, en el medio interestelar (ver Cap. 5).
Abstract of results of the dissertation
The spectroscopy of organic molecules, which from an interstellar point of view are considered
to be complex when they have more than six atoms, is the main tool used for this work, both in the area of
the laboratory (sometimes with the QUIFIMA-UVA molecular spectroscopy laboratory) and in the field
of astronomical observations (with data from the single-dish 30 m telescope of IRAM and in some cases,
those of high-spatial resolution of the ALMA interferometer). Radioastronomy needs information from
the laboratory for the spectral characterization and identification of abundant molecules in the Orion-KL
molecular cloud. The temperature of this high-mass star forming region causes many of the low-lying
vibrational states of these molecules to be excited so that, in addition to lines from rare isotopologues,
we have to identify lines arising from vibrationally excitd states, thanks to the availability of laboratory
measurements in the millimeter and submillimeter domains. Thus, we tackle the study of vibrationally
excited states that contribute with a significant number of rotational lines to th observed spectra of Orion-
KL. We have selected a family of nitrogen-bearing molecules (CH3CH2CN y CH2CHCN) and oxygen-
bearing molecules (CH3OCOH and their isomers; CH3OCOCH3 y CH3CH2OCOH; CH3CH2OCH3;
CH3CH2OCH3), in order to estimate the physico-chemical conditions of Orion-KL nebula.
In those cases in which ALMA data are available, it is possible to set out the cloud sub-
components with high spatial resolution, which provides a very valuable information about possible
formation/destruction mechanisms of interstellar molecules and allow us to constrain the physical
parameters of each sub-region by modeling the lines detected with the IRAM 30 m radio-telescope.
Astrophysical analysis combined with laboratory analysis has allowed the interstellar detection of
new vibrationally excited states for the first time in Orion-KL: CH2CHCN 311=2,3; CH3CH2CN
312=1 y 320=1; CH3COOH, CH2OHCHO; trans-CH3CH2OCOH; and for the first time in space:
CH2CHCN (310=1)⇔(311=1,315=1); CH3COOH 3t=1,2; CH3OCOCH3; gauche-CH3CH2OCOH; trans-
CH3CH2OCH3−tentative detection. With all the molecules of this dissertation, we provide a total of
more than 9 600 spectral features contributing to significantly reduce the number of unidentified lines in
the Orion-KL spectra and infer possible chemical routes to their interstellar formation. This work has
permitted to characterize the spectrum of this prototypical hot core and will be of great importance to
detect and identify molecular lines using ALMA in other high-mass star forming regions.
For the diagnosis of the Orion-KL region it is necessary to have information about its structure
and dynamics, and to rely on the previous work performed by other authors. The tools that we have
used to determine the physico-chemical conditions of the cloud, are described in Chap. 2 and the
analysis of the molecules responsible for such emission in Chap. 3. Likewise, in this manuscript we
have adopted both experimental (laboratory) and observational (radio astronomy) methodologies, and
have carried out an analysis of the spectrum of Orion-KL, which is densely populated by rotational lines
of complex organic molecules (see Chap. 4). Orion-KL is the closest high-mass star forming region and
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a benchmark for the chemical study of the molecules treated on this thesis. Finally, the scientific papers
in this work, organized by group of families of molecules containing nitrogen and oxygen, make up the
main structure of this dissertation with the aim of contributing to the knowledge of the regions of massive
star formation, and therefore of the chemical complexity in this type of regions and, therefore, in the
interstellar medium(see Chap. 5).
Capı´tulo 1
Pro´logo y Objetivo de la investigacio´n
Las mole´culas interestelares abundan en todos los entornos. Especialmente en aquellos,
asociados a las regiones de formacio´n estelar, es decir, las nubes moleculares; lugares donde se
concentra la mayor parte del gas molecular. En la emisio´n de sus lı´neas rotacionales, y en algu´n caso
en vibracionales (H2), radica su importante labor como refrigerantes de las nubes, influyendo en los
procesos de formacio´n estelar. Buscarlas en los entornos donde nacen las estrellas, es una oportunidad
para investigar la complejidad quı´mica que se desarrolla en el medio interestelar, definiendo una
disciplina cientı´fica que engloba esencialmente a la quı´mica y a la astrofı´sica, es decir, la Astroquı´mica
o Astrofı´sica Molecular. Y como si de una te´cnica fotogra´fica se tratase, la radioastronomı´a es capaz
de captar ese crisol de mole´culas que se forman durante periodos de tiempo enormes, comparados
con aquellos asociados a la quı´mica en la Tierra, y nos proporcionan la informacio´n esencial sobre
su composicio´n, estructura, ası´ como de los procesos fı´sicos y quı´micos que esta´n aconteciendo en un
momento determinado. Para caracterizar nuestra fuente objeto de estudio, debemos afrontar el desafı´o de
comprender la evolucio´n quı´mica del medio interestelar, desde las nubes difusas a las nubes densas. Los
estudios acerca del medio interestelar, al fin y al cabo, pueden desembocar en el estudio de otros sistemas
planetarios, lo cual puede permitirnos obtener informacio´n sobre la formacio´n de nuestro Sistema Solar
y nuestro planeta, ası´ como el rol que jugo´ la atmo´sfera primitiva de la Tierra, heredera en parte de la
composicio´n del disco protosolar, en la evolucio´n quı´mica de nuestro planeta, hasta alcanzar el mayor
grado de complejidad mostrado por cualquier sistema: la vida.
El experimento de Miller y Urey (Miller 1953; Miller and Urey 1959) considera la sopa
quı´mica compuesta por H2, H2O, CH4 y NH3, como mole´culas precursoras implicadas en la quı´mica
prebio´tica, bajo las condiciones de la atmo´sfera primitiva de la Tierra, como los aminoa´cidos, o los
azu´cares como la glucosa. Estos mismos ingredientes de la sopa quı´mica son constituyentes ba´sicos de
los hielos interestelares que inundan las regiones del medio interestelar. Es natural pensar que es posible
que existan determinadas condiciones fı´sicas y quı´micas interestelares, que lleven a sintetizar algunas de
las mole´culas prebio´ticas en el espacio.
El medio interestelar esta´ en continuo reciclaje. Ası´, cada vez que muere una estrella, su
material quı´mico se dispersa por el entorno inmediato, impulsado por los feno´menos fı´sicos asociados
a la fase de gigante roja, de estrellas de masa inferior a 8 masas solares, o a los procesos altamente
energe´ticos asociados a las supernovas en la estrellas masivas. Aunque aparentemente la muerte de un
estrella solo deja un remanente que contribuye a las fases difusas del medio interestelar, el colapso de
e´stas, millones de an˜os despue´s, sera´ el prea´mbulo de una fase densa, donde tendra´n lugar las pro´ximas
generaciones de estrellas. El hecho de que la nueva generacio´n se trate de estrellas masivas o poco
masivas, y de que puedan o no tener planetas a su alrededor, dependera´ de diversos factores crı´ticos que
conciernen a las condiciones iniciales de la nube molecular y su evolucio´n durante millones de an˜os.
Son muchos los estudios de la nebulosa de Orio´n-KL, un cercano lugar (418 pc o´ unos 1300
a.l.) dominado por estrellas masivas1 que perturban el medio circundante, ocasionando una gran variedad
de procesos fı´sico-quı´micos que permiten la formacio´n de mole´culas complejas. La regio´n de Orio´n-KL
1Nos referimos a estrellas de ma´s de 8 masas solares y de tipo espectral OB
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muestra en el espectro milime´trico y submilime´trico una gran cantidad de lı´neas espectrales de especies
abundantes como el dimetil e´ter, el formiato de metilo, el cianuro de etilo, el a´cido ace´tico, entre otras.
Estas mole´culas actu´an como testigos de la regio´n, y su estudio nos revela conocimientos cada vez ma´s
precisos de la estructura y condiciones fisicas y quı´micas del medio.
En primera instancia, podrı´amos pensar que la nebulosa de Orio´n-KL es la protagonista de
nuestro trabajo por sus propiedades, pero se puede esperar que otras nubes moleculares con la misma
tasa de formacio´n estelar y similares condiciones fı´sicas, tengan la misma firma espectral que Orio´n-
KL. La importancia del estudio de esta nebulosa, radica principalmente en su cercanı´a a nosotros y en
que puede ser considerada como un prototipo de zona de formacio´n de estrellas masivas. De hecho, es
necesario destacar que todas las regiones de formacio´n de estrellas masivas, incluidas las de masa ma´s
baja como los hot corinos, poseen un espectro milime´trico y submilime´trico bastante similar al de Orio´n.
Para saber que´ mole´cula aparece en la nebulosa de Orio´n-KL, debemos desarrollar un trabajo
conjunto entre la astrofı´sica, la espectroscopı´a de laboratorio, la quı´mica y la fı´sica. El trabajo de
laboratorio y el ana´lisis astrofı´sico, se au´nan para descodificar la informacio´n de las mole´culas que
encontramos en el medio interestelar.
El tı´tulo de esta tesis podrı´a haber sido ”Mole´culas orga´nicas, el lenguaje de las nubes
interestelares”. Es por ello, por lo que en este trabajo, vamos a interpretar lo que nos dicen las
mole´culas, para indagar en que´ tipo de entorno estamos y que´ tipo de quı´mica se esta´ desarrollando
en este laboratorio interestelar, que posteriormente podrı´a llegar a formar futuros sistemas planetarios.
El papel del polvo interestelar es el de arbitrar muchos feno´menos astrofı´sicos que ocurre
en todo el medio interestelar. Su presencia es tan esencial, que sin e´l las estrellas no se formarı´an, y
como consecuencia las mole´culas, y por tanto, nosotros no existirı´amos. Si no fuese por este crucial
ingrediente, las estrellas serı´an tan masivas como en los inicios de nuestro universo, y su duracio´n serı´a
tan fugaz, que si se pudiesen formar planetas, la vida en estos si es que la hubiese, serı´a efı´mera. Es por
ello, que el polvo interestelar como catalizador de mole´culas merece una especial atencio´n.
Las observaciones radioastrono´micas, nos muestran co´mo las mole´culas se detectan en casi
todas las direcciones donde apuntemos nuestros radiotelescopios y exista un poco de gas interestelar. De
hecho, la astroquı´mica nos invita a descubrir un mundo molecular, revela´ndonos el verdadero significado
de la evolucio´n quı´mica del Universo.
El contenido de esta tesis sirve de guı´a del trabajo desarrollado en los artı´culos publicados,
en los cuales se detalla el procedimiento de ana´lisis para la deteccio´n de diversas mole´culas con O
y N en Orio´n-KL. Para ello, la sı´ntesis de esta tesis conforma los siguientes capı´tulos de Regio´n de
formacio´n de estrellas: Nube de Orio´n, Mole´culas Orga´nicas Complejas Interestelares, Metodologı´a:
Radioastronomı´a y Laboratorio, Trabajos publicados, y Conclusiones y Perspectivas.
1.1 Introduccio´n
Para empezar, deberı´amos indagar acerca de la importancia que tienen las mole´culas en el
medio interestelar. Si echamos una ojeada a los tipos de nubes interestelares que se conocen, vemos que
se tiene que dar una serie de condiciones crı´ticas para que sean ”simples” nubes, que au´n no muestran
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actividad de formacio´n de estrellas, o bien el lugar ido´neo donde la evolucio´n dina´mica de la nube ha
permitido la aparicio´n de condensaciones pre-estelares o incluso de estrellas. Los granos de polvo actu´an
de catalizadores de reacciones dando lugar a refrigerantes importantes, como el CO y el H2O. Pero el
papel ma´s relevante desde el punto de vista quı´mico, es la formacio´n del hidro´geno molecular en la
superficie de dichos granos. Obviamente, el resto de las mole´culas que se forman sobre el polvo y se
desorben a la fase gas, a pesar de encontrarse en menor abundancia, tambie´n enfrı´an la nube a trave´s de la
emisio´n de sus lı´neas rotacionales, lo cual compensa el calentamiento producido por los rayos co´smicos,
el colapso gravitatorio y la radiacio´n UV procedente de fuentes externas y de las propias estrellas recie´n
formadas, cuando estas consigan limpiar su entorno de gas y polvo.
Antes de hablar de mole´culas orga´nicas complejas como las que trataremos en esta tesis, vamos
a remontarnos al origen de los elementos en la historia del Universo. Pero para ello, deberı´amos recordar
algo esencial acerca de la composicio´n fundamental de las mole´culas orga´nicas, y es que son entidades
o compuestos quı´micos constituidos por carbono (C) e hidro´geno (H), aunque adema´s pueden tener
oxı´geno (O), nitro´geno (N) y otros elementos como azufre (S), fo´sforo (P), silicio (Si) y en algunos
casos metales como Al, K, Na y Mg, en su composicio´n. De todos estos elementos, H, O, C y N resultan
ser los ma´s abundantes en el Universo, y lo ma´s interesante es que, adema´s, son los cimientos que dan
estructura a las mole´culas prebio´ticas (aquellas relacionadas con el origen de la vida).
Observar la tasa de la formacio´n estelar (SFRate, ”Star Formation Rate”) desde las e´pocas ma´s
tempranas del Universo, es crucial para comprender la formacio´n y evolucio´n de galaxias. La evolucio´n
de la SFRate a trave´s del tiempo, nos induce a conocer su historia, la informacio´n cronolo´gica de lo
que acontecio´ en el Universo, pudiendo acceder a la evolucio´n quı´mica en la que ha estado implicada
la historia de la formacio´n estelar. La creciente disponibilidad de datos observacionales de galaxias a
redshifts (z) cada vez ma´s altos, nos permite el estudio de la historia de la formacio´n estelar a escala
co´smica, pudiendo acercarnos a la e´poca de la Reionizacio´n, donde comenzo´ a encenderse la primera
poblacio´n de estrellas masivas (7≤z≤30). Con el tiempo, el medio interestelar se ha ido reciclando y
enriquecie´ndose de elementos quı´micos, formados en el corazo´n de las estrellas a trave´s de las reacciones
de nucleosı´ntesis, que pasara´n a formar parte de una gran cantidad de especies moleculares que pueblan
todas las nubes moleculares densas.
A pesar de que los procesos quı´micos encontrados en los entornos estelares poco masivos y
en los masivos es similar2, la importancia del estudio de las estrellas masivas radica en la temperatura a
la que someten al gas de su entorno inmediato, calenta´ndolo a temperaturas de hasta unos 300 K, lo que
favorece la evaporacio´n de los mantos de hielo de los granos de polvo, activando algunas reacciones que
proceden lentamente a baja temperatura, y desencadenando una quı´mica compleja que produce una gran
cantidad de mole´culas poliato´micas, contribuyendo a la densidad espectral hasta el punto que se puede
alcanzar el lı´mite de confusio´n y dificultar el proceso de identificacio´n de las mole´culas. Las especies
moleculares existentes es posible detectarlas en fase gas a trave´s de su espectro rotacional, en el dominio
de las ondas de radio (microondas/(sub)milime´tricas e IR-lejano) mediante sus lı´neas de emisio´n. Esta
quı´mica compleja se asocia a la fase denominada ”Hot Core” (nu´cleo caliente), y su estudio es el objetivo
principal de esta tesis doctoral.
2Las condiciones iniciales para la obtencio´n de las mole´culas orga´nicas complejas en hot core y hot corinos, pueden no ser
similares a causa de la diferente deuteracio´n de las especies moleculares en las primeras etapas y la envoltura externa implicada,
con lo que la quı´mica que encontra´semos en ambas regiones podrı´a variar en algunas especies, aunque los procesos fı´sicos sean
pra´cticamente los mismos.
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Orio´n-KL (Kleinmann Low, Kleinmann and Low 1967) en la nube molecular OMC-1,
localizada en la Nebulosa de Orio´n, es la regio´n de formacio´n de estrellas masivas ma´s pro´xima a nuestro
Sistema Solar. La quı´mica encontrada en esta nube es muy rica en mole´culas complejas, fruto de la
evaporacio´n de los mantos de los granos de polvo en las zonas ma´s calientes de la regio´n; tambie´n en
esta nube se encuentran distintas componentes del gas debidas a la interaccio´n de los violentos procesos
de formacio´n de las estrellas masivas con su entorno (ver, por ejemplo, Genzel and Stutzki 1989; Zapata
et al. 2011). El espectro de esta regio´n en el dominio de las ondas milime´tricas, se caracteriza por una
gran densidad de lı´neas en emisio´n de mole´culas complejas, como el formiato de metilo (CH3OCOH),
cianuro de etilo (CH3CH2CN), dimetil e´ter (CH3OCH3), cianuro de vinilo (CH2CHCN) y un largo
etce´tera.
La diferenciacio´n quı´mica dentro de la regio´n de Orio´n-KL, como cualquier otro ”hot core”,
depende de su historia previa, es decir, de la etapa frı´a que ocurrio´ antes del colapso de la nube. Dicha
etapa, representa las condiciones fisico-quı´micas iniciales, pertenecientes al proceso de formacio´n de
estrellas en esta regio´n. Dado que no todo el gas de la nube es utilizado en la formacio´n de estrellas,
dichas condiciones iniciales se aplican a todas las componentes del gas en la regio´n. Algunas de estas
componentes, au´n siguen mostrando pra´cticamente las mismas abundancias moleculares y los mismos
para´metros fı´sicos que al principio de la evolucio´n de la nube molecular (el extended ridge). Otras sin
embargo, muestran una alteracio´n extraordinaria de las condiciones fisico-quı´micas, y corresponden a
regiones sometidas a choques y/o iluminadas por las estrellas recie´n formadas.
Los niveles de vibracio´n de las mole´culas complejas ma´s abundantes en la nebulosa de Orio´n,
como CH3OCOH, CH3CH2CN, CH2CHCN, tienen energı´as relativamente bajas y son poblados bajo las
condiciones fı´sicas de la regio´n de Orio´n-KL (Demyk et al. 2008; Daly et al. 2013; Lo´pez et al. 2014).
Sin embargo, la falta de estudios espectrosco´picos sobre todos estos estados, hace imposible la deteccio´n
de las lı´neas moleculares provenientes de estas especies, con lo que el nu´mero de lı´neas sin identificar
en las observaciones de los espectros milime´tricos y sub-milime´tricos de las nubes moleculares es muy
abundante, impidiendo un completo ana´lisis de estas regiones. En la actualidad, la colaboracio´n entre los
laboratorios de espectroscopı´a molecular y los astrofı´sicos moleculares esta´ cambiando esta situacio´n, y
es en esta direccio´n en la que se ha basado el trabajo que conforma una buena parte de esta tesis doctoral.
El barrido espectral de Orio´n-KL se tomo´ con el radiotelescopio de 30 m de IRAM, apuntando
hacia la fuente infrarroja IRc2 en las ventanas espectrales de 3, 2 y 1.3 mm (Tercero et al. 2010). El
ana´lisis de ma´s de 15 000 lı´neas espectrales detectadas en este barrido, requiere de una colaboracio´n
estrecha entre astrofı´sicos, espectroscopistas, fı´sicos teo´ricos y quı´micos. Dada la multitud de lı´neas,
el ana´lisis fue focalizado en dos direcciones: por un lado dividiendo el ana´lisis en distintas familias de
mole´culas y, por otro, detectando nuevas especies gracias a las frecuencias proporcionadas a trave´s de
los laboratorios. De esta manera, es posible profundizar en la informacio´n de las condiciones fı´sicas y
quı´micas de la regio´n.
Adema´s, disponemos de datos de alta resolucio´n espacial, obtenidos con el interfero´metro
ALMA (Atacama Large Millimeter/Submillimeter Array) de Chile, procedentes de 16 de las antenas de
12 m operando en el rango de frecuencias de la banda 6 (213.715−246.627 GHz). En esta nueva era de la
radioastronomı´a que estamos viviendo con la puesta en marcha del interfero´metro ALMA, es esencial la
estrecha colaboracio´n entre diversas a´reas del conocimiento, que confluyen en la Astrofı´sica molecular
o Astroquı´mica, para una adecuada interpretacio´n de estas nuevas observaciones.
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Las primeras mole´culas en el espacio, detectadas en la de´cada de los an˜os 30 del siglo pasado,
fueron los radicales CH y CN, y el io´n CH+, y su deteccio´n se obtuvo mediante espectroscopı´a o´ptica.
Hubo que esperar hasta el an˜o 1963, para que se detectase la primera mole´cula en la regio´n de las
ondas de radio, el radical OH. A partir de ese momento, el observatorio de Kitt Peak (radiotelescopio
de 11 m, Arizona, USA) impulso´ la era de la radioastronomı´a con el descubrimiento de un nu´mero
considerable de mole´culas interestelares a bajas frecuencias. A partir de 1984, los telescopios americanos
cedieron protagonismo al radiotelescopio de 30 m de IRAM (Granada, Espan˜a), instrumento creado
para la observacio´n en la regio´n milime´trica y submilime´trica del espectro. De manera paralela, la
caracterizacio´n de los espectros moleculares en el laboratorio, ha sido fundamental para poder asegurar
cualquier deteccio´n molecular en el espacio. Es interesante destacar, que el estudio de laboratorio del
primer espectro microondas, se llevo´ a cabo con la mole´cula de NH3 en 1934. Sin embargo, la sinergia
entre la observacio´n radioastrono´mica y la experimentacio´n de laboratorio, con la finalidad de detectar
nuevas especies moleculares en los entornos astrofı´sicos, comenzo´ varias de´cadas despue´s, cuando se
detectaron las primeras mole´culas en el dominio de las ondas de radio.
Hasta la fecha (junio 2017), se han detectado cerca de 200 mole´culas en el medio interestelar y
en las envolturas circumestelares. El mono´xido de carbono (CO), es la segunda mole´cula interestelar ma´s
abundante despue´s del hidro´geno molecular (H2), y ambas, junto con los granos de polvo, tienen especial
relevancia en la sı´ntesis de las mole´culas orga´nicas ma´s complejas, detectadas en una gran diversidad de
nubes moleculares.
Debido a la importancia del polvo en la formacio´n de las especies moleculares, es necesario
dedicar un apartado a la composicio´n de los mantos de los hielos de los granos de polvo, puesto que
de ellos depende que las reacciones quı´micas se desarrollen en una direccio´n u otra, ofreciendo una
diferenciacio´n quı´mica de los diferentes grupos funcionales.
En esta tesis, un estudio conjunto de las mole´culas nitrogenadas y oxigenadas, nos permite
determinar la abundancia molecular en las componentes que constituyen nuestra nebulosa de una manera
precisa, puesto que se trata de mole´culas abundantes y, por tanto, fieles testigos de las condiciones fı´sicas
y quı´micas de nuestra nube molecular. Los mapas de emisio´n para las diferentes mole´culas, revelan su
distribucio´n espacial, lo cual nos aporta una valiosa informacio´n sobre los procesos de formacio´n de cada
especie. Para completar esa informacio´n, debemos incluir en nuestro estudio las mole´culas precursoras,
a partir de las cuales se originan las mole´culas de nuestro trabajo, como pueden ser metanol, acetona,
formaldehı´do, etc.
La naturaleza de hot core, hace que la ”alta” temperatura favorezca unas nuevas condiciones,
para la produccio´n de las mole´culas ma´s complejas que se han encontrado en el medio interestelar.
Sin embargo, no hemos detectado todavı´a el aminoa´cido ma´s simple (glicina), lo cual podrı´a tener su
explicacio´n, en que la presencia de los ingredientes precursores de este tipo de mole´culas prebio´ticas,
necesitan mucho ma´s tiempo para llegar a formarse.
1.2 Objetivos de la investigacio´n
La importancia de la presente investigacio´n, radica en los resultados obtenidos a trave´s de la
combinacio´n de los datos de laboratorio, con aquellos procedentes de la observacio´n radioastrono´mica.
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El estudio de las mole´culas de intere´s astrofı´sico en el a´mbito de la experimentacio´n de laboratorio,
acompan˜ada con ca´lculos teo´ricos, es un complemento necesario para la deteccio´n de especies
moleculares en el medio interestelar, y para la interpretacio´n de las observaciones. Las regiones
de formacio´n de estrellas masivas, presentan una gran densidad de lı´neas en sus espectros debido a
complejidad de la quı´mica que allı´ tiene lugar, y a las altas abundancias relativas al hidrogeno molecular
de dichas especies moleculares. Estudiar las propiedades fı´sicas y quı´micas de dicha regio´n a trave´s de
la emisio´n espectrosco´pica de las mole´culas ma´s abundantes, nos ofrece una visio´n de la evolucio´n de
este tipo de regiones, ası´ como de su importancia en la generacio´n de una quı´mica prebio´tica.
El objetivo de esta investigacio´n, es obtener las condiciones fı´sicas y quı´micas de la nebulosa
de Orio´n-KL, adema´s de la caracterizacio´n de nuevas especies en el laboratorio, con el fin de reducir
el nu´mero de lı´neas sin identificar en los espectros observados y facilitar ası´ la caracterizacio´n fı´sico-
quı´mica de la regio´n bajo estudio. Para ello, hemos llevado a cabo un estudio espectrosco´pico de las
transiciones rotacionales de las mole´culas que emiten en Orio´n-KL, identificando tambie´n lı´neas de
nuevas especies, gracias al trabajo conjunto de las medidas de laboratorio (ca´lculos mecano-cua´nticos,
medidas experimentales en el rango mm/submm) y el ana´lisis de las observaciones. En definitiva, las
observaciones que se van a analizar en este trabajo, van a proporcionar estimaciones de la temperatura,
densidad volu´minica, abundancias moleculares, cinema´tica y dina´mica de las zonas de Orion-KL
sometidas a la interaccio´n con las estrellas masivas. Las condiciones de temperatura y densidad
obtenidas, nos permite inferir la evolucio´n y estructura de la fuente, trazar las rutas quı´micas de formacio´n
de las especies moleculares encontradas, y determinar el contenido molecular de estos objetos.
Las medidas de laboratorio permiten obtener las constantes espectrosco´picas (constantes
rotacionales efectivas, constantes de distorsio´n centrı´fuga y dema´s te´rminos de correccio´n del
hamiltoniano) de las mole´culas orga´nicas en su estado fundamental y sus estados excitados
vibracionalmente, y ası´ poder determinar las frecuencias de las transiciones, que nos van a permitir
detectar y analizar esas especies en nuestro espectro de la nebulosa de Orio´n-KL.
Las mole´culas objeto de estudio son CH3OCOH, CH3CH2CN, CH2CHCN, CH3COOH,
y CH3OCOCH3. Los iso´meros de la mole´cula de formiato de metilo (CH3OCOH), a´cido ace´tico
(CH3COOH) y glicolaldehı´do (CH2OHCHO), incluyendo sus estados torsionales, nos dan una visio´n
acerca de la importancia de la isomerizacio´n en el medio interestelar, para deducir rutas de formacio´n
molecular. Adema´s, hemos observado y estudiado el acetato de metilo (CH3OCOCH3) y su iso´mero,
gauche-formiato de etilo (g-CH3CH2OCOH), ası´ como una mole´cula de 12 a´tomos detectada en nuestra
fuente, el etil metil e´ter (CH3CH2OCH3).
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Figura 2.1: Contexto de la nebulosa de Orio´n-KL. Fuente: Basado en Bally et al. 2015 y en el libro de
Stahler and Palla 2004. Imagen de Orio´n-KL: CISCO, Telescopio de 8.3m-Subaru, NAOJ
Durante la evolucio´n estelar, el ISM sufre importantes modificaciones, a causa de las
grandes cantidades de masa y energı´a eyectados al inicio y final de los ciclos vitales de las estrellas,
fundamentalmente mediante sus vientos estelares y eyecciones masivas de materia, producidos por
eventos sumamente energe´ticos como explosiones de supernova.
La nebulosa de Orio´n, es una nube molecular gigante con regiones de formacio´n estelar masiva,
en las que los objetos estelares jo´venes inmersos en la nube (YSOs, por sus siglas en ingle´s Young Stellar
Objects), calientan, ionizan e interacionan con el medio interestelar, caracterizando diferentes fases de
las nubes en base a sus propiedades de densidad, temperatura y composicio´n quı´mica. En estas regiones,
hay cu´mulos densos, filamentos, cirros, nubes difusas, traslu´cidas, densas y oscuras, proplidos (discos
protoplanetarios o planetarios sometidos a un campo UV intenso).
Esta regio´n, es de gran intere´s por su cercanı´a (414±6 pc, Menten et al. 2007, Kim et al. 2008),
y en ella se produce la interaccio´n de las estrellas masivas recie´n formadas con la materia interestelar de
la nube parental, dando lugar a la Nebulosa de Kleimann-Low, situada en la Nube molecular de Orio´n-1
(OMC-1), que a su vez esta´ inmersa dentro de la gran nube molecular de Orio´n-A (Genzel and Stutzki
1989). La interaccio´n de dichas estrellas con el medio circundante, da lugar a una gran complejidad
quı´mica, producto de una serie de rutas quı´micas de formacio´n/destruccio´n, tanto en fase gas como sobre
los mantos de hielo de los granos de polvo.
El estudio de las condiciones fı´sicas y quı´micas de la Nebulosa de Orio´n-KL, puede trazarse
por medio de la emisio´n de las mole´culas presentes, especialmente a trave´s de las ma´s abundantes.
Por ejemplo, la anchura de nuestras lı´neas espectrales, pueden ser consecuencia de la energı´a cine´tica
transferida por la turbulencia generada por los ”outflows” de las estellas masivas recie´n formadas y
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todavı´a embebidas en la nube (ver por ej. Beichman et al. 1986, Myers et al. 1988), y posiblemente
por la turbulencia aportada por los campos magne´ticos y gravitatorios (ver por ej. Li et al. 2014). Las
estrellas masivas que han conseguido limpiar su entorno de gas y polvo, son estrellas de tipo espectral
OB, tienen unas ≈105 luminosidades solares, y una edad de unos cuantos millones an˜os (Lada and Kylafis
2012a).
Figura 2.2: Imagen del outflow de OMC-1 en H2 con los movimientos propios (vectores rojos, Go´mez
et al. 2008) del objeto BN y las fuentes de radio I y n. La cruz muestra el centro de ejeccio´n del gas
determinado por los movimientos propios de dichas fuentes. (Fuente: Bally et al. 2015)
2.1 Contexto: Nube de Orio´n-KL
La diferenciacio´n quı´mica de las distintas componentes cinema´ticas que constituyen la nube
de Orio´n-KL, es una clara evidencia de las diferentes condiciones iniciales de formacio´n estelar. Debido
al rango de temperaturas de las componentes de la nube, adema´s de las especies debidas a una quı´mica
en fase gas; en la que incluso se obtienen mole´culas producto de eficientes procesos endote´rmicos con
barreras de activacio´n, o tiene lugar la destruccio´n de otras originadas en las etapas previas, tambie´n
existe una quı´mica en superficie sobre los granos, que contribuye significativamente al aumento de la
abundancia de las mole´culas orga´nicas en fase gas.
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Franco et al. (1988) propusieron un modelo para la formacio´n del complejo de Orio´n-
Monoceros, a partir de una colisio´n de nubes a gran velocidad hace unos 6×107 an˜os desde el hemisferio
sudeste de la Galaxia hacia el disco Gala´ctico, en la que las fuerzas de marea provocaron la fragmentacio´n
de la nube en el complejo de Orio´n y en el de Monoceros (fig. 2.3 arriba). El complejo molecular
de Orio´n consta de nubes difusas, oscuras, densas, nu´cleos pre-estelares, regiones HII, PDRs, etc. El
complejo molecular sur se corresponde con la nube de Orio´n A (Kutner et al. 1977), y esta´ centrado de
manera aproximada en la nebulosa de Orio´n (NGC1976). La nube molecular gigante de Orio´n (ver Fig.
2.3 abajo) esta´ asociada a una gran cantidad de material molecular, que nos ofrece informacio´n acerca
de la distribucio´n del gas en la nube, ası´ como de su evolucio´n en el tiempo y su cinema´tica. La nube
molecular de Orio´n 1 (OMC-1) es el cu´mulo molecular o nu´cleo denso predominante de la regio´n de
Orio´n A, en el que se esta´n ocurriendo feno´menos de formacio´n estelar, y contiene estrellas embebidas
que emiten en el dominio de las ondas de radio y/o IR, las cuales pueden estar produciendo la expansio´n
de la regio´n HII (M42, Orio´n A)1, que rodea a las estrellas OB del Trapecio y comprime la nube de
OMC-1 (Genzel and Stutzki 1989).
El nu´cleo denso OMC-1 en el que se encuentra la nebulosa de Kleimann-Low o nebulosa de
Orio´n-KL (Kleimann & Low 1967), es el contexto principal de esta tesis, cuyo principal mecanismo de
calentamiento es radiativo (Goldsmith et al. 1983). La nebulosa IR de Kleimann-Low esta´ caracterizada
por una serie de fuentes de emisio´n en radio e IR embebidas, y son responsables del feno´meno energe´tico
que domina la regio´n (Genzel and Stutzki 1989). Entre ellas, destacan la fuente de radio I y las fuentes
de infrarrojo IRc2, n y BN (Becklin and Neugebauer 1967, Menten and Reid 1995, Zapata et al. 2011).
IRc2 es la fuente predominante de la regio´n (Wynn-Williams et al. 1984). En esta fuente, los objetos
compactos que emiten en el IR y el radio, aportan una luminosidad total de unas ≈105 L. IRc2 es la
fuente seleccionada para el barrido espectral realizado con el radiotelescopio de 30-m de IRAM, objeto
de este trabajo. La figura 2.4 muestra un mapa de emisio´n del continuo de Orio´n-KL en la ventana
milime´trica de 1.3 mm (Wu et al. 2014).
Por el momento, no hay un consenso acerca de si el calentamiento del Hot Core de Orio´n-KL es
interno, ocasionado por estrellas embebidas, o por otras fuentes extensas (Genzel and Stutzki 1989, Blake
et al. 1996, Kaufman et al. 1998, De Vicente et al. 2002, Zapata et al. 2011, Bally et al. 2015). Como se
ha mencionado anteriormente, el calentamiento del Hot Core de Orio´n-KL parece no estar producido por
la presencia de una proto-estrella, sino ma´s bien por el impacto de material a gran velocidad hace unos
500 an˜os, en el que el gas acelerado a alta velocidad (un feno´meno trazado especialemente por lı´neas
de CO) desencadeno´ el calentamiento de la nube y, en consecuencia, el Hot Core de Orio´n-KL (Zapata
et al. 2011, Bally et al. 2017 ).
2.1.1 Componentes de la nebulosa de Orio´n-KL
Entre las condensaciones densas y calientes de Orio´n-KL (Tabla 5.1, basado en Blake et al.
1987), nos encontramos el plateau, el extended ridge o nube ambiente, el compact ridge, y el hot core.
El hot core se caracteriza por la elevada temperatura, a consecuencia de la actividad de la formacio´n
estelar, y el plateau, por la presencia de outflows en la regio´n. La componente asociada al extended
ridge presenta una menor temperatura cine´tica. Por otro lado, en el compact ridge tambie´n se observan
regiones de gas caliente de temperaturas un poco menores que las de las componentes de hot core, pero
1El complejo de Orio´n esta´ constituido por diversos objetos, entre los cuales nos encontramos con la Gran Nebulosa de
Orio´n (M42) y la nebulosa Cabeza de Caballo.
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Figura 2.3: Arriba: Figura que muestra la distribucio´n espacial de la nube de Orio´n, en la que se
aprecian nubes y zonas de formacio´n estelar a gran escala, en los complejos moleculares de Orio´n
y Monoceros (Genzel and Stutzki 1989). Abajo: Ilustracio´n del entorno de la nebulosa de Orio´n
(nebulosa de M42), en la que los flujos (u outflows) de los objetos Herbig-Haro se representan como
vectores ”HH(seguido de una numeracio´n)” y los glo´bulos de bok como cı´rculos so´lidos. Se pueden
observar las estrellas del Trapecio, ası´ como la fuente OMC-1 al noreste, en cuya posicio´n coincide
la nebulosa de Orio´n-KL. Fuente: Bally et al. 2000
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Figura 2.4: Mapa de emisio´n del continuo de la nebulosa de Orio´n-KL en la ventana milime´trica de 1.3
mm (Wu et al. 2014). Los niveles de contorno varı´an entre -0.05 y 1.3 Jy·beam−1, la notacio´n MM1-7
se corresponde con nu´cleos de emisio´n del polvo y las cruces verdes representan las fuentes de IR
cercano.
con una quı´mica diferente.
Tabla 2.1: Componentes cla´sicas de la nube de Orio´n-KL.
COMPONENTE n (cm−3) Trot (K) d f uente (”) 3LS R (kms−1) ∆3 (kms−1) Origen (emisio´n)
plateau ≥106 95-150 ≤20” 7-8 ≥20-25 outflows−choques−regiones
extended ridge ≈105 55-60 extensa 9 4 outflows−choques−regiones
compact ridge ≥106 80-140 ≤30” 7-8 3-5 nube ambiente−outflows
hot core ≥107 150-300 ≤10” 3-5 5-10 formacio´n estelar activa
Nota. Esta tabla muestra las diferentes componentes de la nube, las cuales representan las condiciones
tı´picas o cla´sicas de la nebulosa de Orio´n-KL (basado en Blake et al. 1987).
A continuacio´n se describen las propiedades fı´sicas ma´s importantes2 que caracterizan cada
regio´n cla´sica de la nube de Orio´n-KL. Para ma´s detalle de las componentes de la nube de Orio´n,
remitimos a Blake et al. 1987 y a la Tesis doctoral de B. Tercero ().
• Plateau:
La emisio´n de la componente del plateau es producida por mole´culas simples como CO, CS,
SiO, SO, SO2, OCS, H2S, HDO, H2CO, HCN, HC3N (Blake et al. 1987). La emisio´n molecular de esta
regio´n esta´ caracterizada por unas anchuras de lı´nea de 30 a 100 km s−1; a causa de la alta velocidad
del outfllow. A partir de estudios interferome´tricos se pudo inferir un taman˜o de la fuente de unos 20”.
La densidad de H2 en este objeto se estimo´ a partir de la observacio´n de transiciones de mole´culas de
fuerte momento dipolar, como SO2. La temperatura cine´tica del gas, 100 K y la densidad de columna,
≤1023 cm−2, se determinaron a partir de los diagramas de rotacio´n de SO2 y otras especies, aunque hay
una gran variacio´n de temperaturas y de densidades de columna en funcio´n de la posicio´n en el outflow
(Plambeck et al. 1982, Blake et al. 1987). Las mole´culas que se destruyen fa´cilmente en los choques,
como el formaldehı´do, esta´n confinados en condensaciones densas y de pequen˜o taman˜o embebidas en el
2Tomadas de Blake et al. 1987 y de la Tesis doctoral de B. Tercero ()
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outflow, mientras que las mole´culas menos fra´giles, como el o´xido de azufre, suelen trazar una delgada
envoltura de material de baja velocidad en los lı´mites de la cavidad, donde el outflow esta´ decelerado
debido a la interaccio´n con la densa nube molecular. El material de alta velocidad se expande ma´s
fuertemente a lo largo de los gradientes de densidad ma´s ra´pidos dentro de la cavidad (Blake et al. 1987).
La anchura de las lı´neas ∆v en esta componente de ≈1’ de dia´metro (centrado en la nebulosa de Orio´n-
KL), esta´ entre los ≈30-100 km−1, (Tercero). Zuckerman and Palmer 1975 sugirieron que la emisio´n
procedı´a de una regio´n cercana a la nebulosa de Orio´n-KL y al objeto BN. Posteriormente Zuckerman
et al. y Kwan and Scoville la observaron en la transicio´n J=1 → 0 del CO en 1976. Sin embargo,
la interpretacio´n de ambos autores acerca del motivo de la anchura anormal de las lı´neas fue diferente,
para los primeros la emisio´n parecı´a surgir de un objeto jo´ven que au´n no ha entrado en la secuencia
principal y para los segundos como si esa emisio´n surgiese de la expansio´n de la envoltura debida a un
posible evento explosivo. El material del outflow a baja velocidad (∆v≈35 km−1) puede ser trazado con
transiciones rotacionales de mole´culas como SiO, HCN, SO2 y SO, y ma´seres de H2O de baja velocidad
(producidos en la interfase y debido a las ondas de choque), de SiO y de OH, y se extiende del NE al
SO pra´cticamente a lo largo de la componente de extended ridge (para ma´s detalle sobre el origen de los
outflows de Orio´n-KL remitimos a Beuther and Nissen 2008). Genzel and Downes (1983) sugieren un
flujo sime´tricamente esfe´rico en base a los picos de emisio´n de los ma´seres de SiO y H2O, localizados en
los lados anterior y posterior de la envoltura en expansio´n. Es probable que el gas se encuentre en forma
de condensaciones, debido a que las intensas lı´neas de emisio´n de las transiciones observadas requerirı´an
densidades elevadas para su excitacio´n (Stutzki et al. 1988). La fuente I es la precursora del flujo de baja
velocidad (Beuther and Nissen 2008; Plambeck et al. 2009), y se refleja en el cambio del centroide de
velocidad desde 5 kms−1 (emisio´n de los ma´seres de SiO y H2O de baja velocidad localizados a ≤1” de
la fuente I y la emisio´n te´rmica de SiO) a 9 kms−1 (emisio´n de los ma´seres de OH y H2O localizados a 5”
de la fuente I). En esta u´ltima regio´n nos encontramos una abundancia mayor de mole´culas sulfuradas,
como SO y SO2. Las temperaturas rotacionales, radios y densidades de esta regio´n de plateau se situan
entre 60-250 K, 10-30” y ≥106-107 cm−3, respectivamente (Tercero).
El material del outflow a alta velocidad (∆v≤250 kms−1) se extiende del NO al SE, perpendicular al
outflow de baja velocidad, tal y como se observa con el ma´ser de SiO, teniendo el pico de emisio´n cercano
a la fuente IRc2 (Wright and Plambeck 1983). Hay muchos autores que han trazado esta componente a
trave´s de las transiciones de CO (ver por ej. Kwan and Scoville 1976; Kuiper et al. 1981; Zapata et al.
2011; Marcelino et al. 2011), con el centroide de la emisio´n al norte de IRc2. Erickson et al. (1982)
la describio´ como una componente con estructura marginalmente bipolar. La fuente submilime´trica
SMA situada entre los objetos I y n, es considerada la precursora de esta componente de flujo de alta
velocidad, en base a las observaciones combinadas con el interfero´metro SMA (SubMillimeter Array)3
y el radiotelescopio de 30 m de IRAM de la transicio´n J=2→1 de C18O (Beuther and Nissen 2008).
Aunque, observaciones realizadas por otros autores con CARMA (Combined Array for Research in
Millimeter-wave Astronomy)4 consideraron este outflow de alta velocidad como una parte de aquel de
baja velocidad (Plambeck et al. 2009). No obstante, Zapata et al. 2009, partiendo de observaciones
de H2 y CO con el SMA, concluyeron que el outflow de alta velocidad procedı´a del evento explosivo
anteriormente mecionado (ver Fig. 2.2).
Muchas de las lı´neas de algunas de nuestras mole´culas orga´nicas se excitan en las condiciones de la
3Es un interferometro constituido por 8 antenas de 6 metros situadas en la cima del Maunakea en Hawaii que operan en la
regio´n de de frecuencias entre 180−418 GHz.
4Era un interfero´metro que comprendı´a 23 antenas de 3.5, 6.1 y 10.4 m que opero´ hasta abril de 2015, fundamentalmente en
las ventanas milime´tricas de 1 y 3 mm, a una altura media de unos 2200 m.
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componente del plateau.
• extended ridge:
Tambie´n denominada nube ambiente, es la componente que describe la emisio´n extensa de
las nubes menos activas en formacio´n estelar cercanas a Orio´n-KL, y esta´ caracterizada por tener una
velocidad vLS R de unos 9 kms−1 y anchos de lı´nea pequen˜os, ∆v≈3-4 kms−1, encontra´ndose en el centro
de la nube OMC-1 (Blake et al. 1987). Esta componente se caracteriza por la emisio´n de mole´culas
simples como CO, CN, CS, SO, C2H, C3H22, HCO+, HCS+, HNC, HCN, HC3N y con la mole´cula
orga´nica compleja trompo-sime´trica de CH3CCH (Blake et al. 1987). A partir de la observacio´n de las
transiciones rotacionales de estas especies, se pudo obtener un taman˜o para esta componente de unos 8’.
La temperatura cine´tica esta´ entre los 50-60 K, sin embargo, los estudios previos de diferentes autores
(Johansson et al. 1984; Blake et al. 1987) indican que las temperaturas de excitacio´n para las mole´culas
de HCO+ y HCN (que poseen momentos dipolares altos) esta´n subtermalizadas (15-20 K). Partiendo de
una cantidad significativa de lı´neas rotacionales de varias especies, se determinan densidades crı´ticas
de ≈105 cm−3 (Blake et al. 1987). La emisio´n se extiende espacialmente de norte a sur en la nube de
Orio´n-KL, con velocidades radiales que rondan los 8 kms−1 en el SO y los 10 km−1 en el NE. Hasegawa
et al. (1984) propusieron que esa diferencia de velocidades, a pequen˜a escala, era consecuencia de la
rotacio´n diferencial y colapso de un disco molecular, basa´ndose en observaciones de CS. Del mismo
modo, Vogel et al. (1985) apuntaron hacia la misma hipo´tesis a partir de observaciones interferome´tricas
de la mole´cula de HCN. Diversos autores (Ho and Barrett 1978; Bastien et al. 1981; Padman et al. 1985;
Womack et al. 1993) interpretaron el gradiente de velocidad del extended ridge, que parecı´a diverger
por ambos lados en las proximidades de la fuente IRc2, como resultado de la colisio´n de dos nubes
moleculares. Una conclusio´n que se afianzo´ a patir de observaciones de NH3, H2CO, CS y NNH+ (Ho
and Barrett 1978; Bastien et al. 1981; Padman et al. 1985; Womack et al. 1993, respectivamente).
Las lı´neas de algunas de nuestras mole´culas orga´nicas tambie´n se detectan en esta zona. Esta componente
esta´ caracterizada por una quı´mica en fase gas basada en reacciones io´n-mole´cula (Herbst and Klemperer
1973), en la que abundan las mole´culas ricas en carbono (CS, CN, CCH), mientras que las ricas en
oxı´geno muestran una abundancia menor (Harwit 1982).
La densidad de columna de H2 para el extended ridge se estima en ≈1022 cm−2 (Tercero et al. 2010).
• compact ridge:
Es una fuente compacta, en la que abundan las mole´culas que contienen oxı´geno, tanto simples
como complejas, tales como HDO, OCS, H2CO, H2CCO, HCOOH, CH3OH, CH3OCOH, CH3OCH3
(Blake et al. 1987). Los diagramas rotacionales de algunas de estas mole´culas ricas en oxı´geno,
incluyendo tambie´n la mole´cula de H2CS, proporcionan una temperatura rotacional entre los 90-140 K.
La mole´cula de CH3OH presenta una gran cantidad de lı´neas, cuyos niveles superiores de energı´a cubren
un amplio rango. A partir de la obsevacio´n de esta mole´cula, Blake et al. 1987 pudieron determinar una
gran variacio´n de la anchura de las lı´neas y de la temperatura cine´tica del gas a lo largo del compact
ridge. Ası´, las de baja energı´a se caracterizan por un ∆v≈3.3 kms−1 y una Trot entre 120-140 K, mientras
que las de energı´as ma´s altas (incluyendo el 3t=1) tienen valores de ∆v≈6.5-9.5 kms−1 y una Trot>200 K.
Las tasas de emisio´n esponta´nea de las lı´neas de sus estados torsionalmente excitados, requieren de unas
densidades de hidro´geno ≥107 cm−3 para que se pueblen los niveles superiores por colisiones (aunque
tambie´n podrı´a ser radiativamente). Las condiciones fı´sicas del compact ridge, se determinan a partir
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de la observacio´n de las transiciones de mole´culas con un largo rango de momentos dipolares y de
energı´as de los niveles superiores. Adema´s de CH3OH, la mole´cula de cianuro de metilo, CH3CN, ha
sido utilizada para estas determinaciones (Bell et al. 2014). Esta fuente parece mostrar propiedades
fı´sicas (gradiente de temperatura, velocidad radial, distribucio´n espacial) y quı´micas entre las de nube
ambiente, o extended ridge, y aquellas del plateau, en el cual el outflow de la fuente IRc2 interacciona
con la componente de la nube a 8 Kms−1 comprimie´ndola, calenta´ndola y modificando su composicio´n
quı´mica (Johansson et al. 1984; Irvine and Hjalmarson 1984; Bell et al. 2014). De esta manera, el
compact ridge podrı´a considerarse como una componente del extended ridge que ha sido sometida a
choques y otros procesos energe´ticos; es decir, como una componente compacta del extended ridge. Esta
fuente puede considerarse una componente compacta del extended ridge. El taman˜o de esta componente
es <40” y se situ´a a unos 20” al S de BN. Favre et al. (2011) muestran mapas de intensidad integrada
para la mole´cula de CH3OCOH obtenidos con el interfero´metro de Plateau Bure5, a partir de la suma
de varias transiciones a ≈223 GHz en el rango de velocidades de 5 a 12 kms−1. En dichos mapas, la
componente de compact ridge se situ´a al SO de la estructura en forma de V. Estos autores sugieren que el
flujo UV/IR procedente de la fuente I, produce un calentamiento de los granos de polvo y la evaporacio´n
de sus mantos de hielo de CH3OH, H2CO, H2O, CO, NH3, etc. Una vez estas mole´culas se encuentran
en la fase gaseosa, se pueden formar otras especies como CH3OCOH (la cual tambie´n ha podido ser
formada en los granos de polvo).
Las lı´neas tienen una anchura tambie´n muy pequen˜a, rondando los 3-5 kms−1, cuyos picos de emisio´n
caen entorno a los 7-8 kms−1. La densidad de columna de H2 para el compact ridge se estima en
≈1022 cm−2 (Tercero et al. 2010).
• hot core:
Se trata de una regio´n caliente, densa y compacta del material inmediatamente adyacente (2”
al S) a la fuente IRc2 (ver por ejemplo, la fig. 2.4). Los valores de vLS R y ∆v no esta´n tan definidos
como lo pueden estar en las componentes del ridge, pero suelen situarse entorno a los 4-6 kms−1 y
10-15 kms−1, respectivamente. En esta componente abundan las mole´culas complejas que contienen
nitro´geno como CH3CN, CH3CH2CN y CH2CHCN, y adema´s se puede trazar con mole´culas simples
como CO, HDO, H2CO, HNCO (Blake et al. 1987). En el rango milime´trico, submilime´trico e IR-
lejano, esta componente se caracteriza por transiciones que tienen una profundidad o´ptica elevada. Por
su proximidad a la fuente IRc2, hay un amplio rango de temperaturas. Desde temperaturas cine´ticas
del orden de >300 K que excitan niveles de alta energı´a cerca de la fuente (pra´cticamente centrados en
ella), como ocurre con mole´culas como CH3CN y HC3N, hasta temperaturas cine´ticas del orden de los
100-200 K trazadas a partir de transiciones de J ma´s bajas de CH3CH2CN y CH2CHCN. El taman˜o de
la fuente con alta temperatura cine´tica es de 3-5”, mientras que la de baja temperatura cine´tica es de
unos 10”. La temperatura del polvo en esta regio´n ronda los 150 K. En los mapas de Favre et al. (2011)
que mencionamos antes, la componente del hot core se encuentra en el este de la estructura en forma
de V. Se estima una densidad de columna de H2 de ≈1024 cm−2 (Blake et al. 1987), que corresponde a
unas densidades altas de H2 (107-108 cm−3). A partir de las observaciones de NH3 con el VLA6 (Genzel
et al. 1982; Pauls et al. 1983; Hermsen et al. 1988), se dedujo la estructura fı´sica de esta regio´n como un
conjunto de condensaciones de ≤1” no asociadas con los picos de emisio´n IR.
5Es otro observatorio de IRAM, que consiste en un interfero´metro compuesto por 6 antenas de 15m que operan en las
ventanas milime´tricas de 3,2,1.2 y 0.8 mm y se situ´a a 2550 m en el Plateau de Bure en los Alpes franceses.
6Es un interfero´metro compuesto por 27 antenas de 25m distribuidas en una configuracio´n en forma de Y que opera en la
regio´n de 1.2-96 GHz, situado en las llanuras de San Agustı´n, Nuevo Me´jico
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La fase gas es rica en especies hidrogenadas, consecuencia de la evaporacio´n de los mantos de hielo de los
granos de polvo (Sweitzer 1978; Tielens and Hollenbach 1985; Blake et al. 1987; Walmsley et al. 1987;
Brown et al. 1988). Es interesante destacar, que para varias mole´culas la relacio´n de abundancias relativas
de D/H es ≈2 o´rdenes de magnitud mayores que aquella del medio interestelar (ver por ej., Plambeck
and Wright 1987; Walmsley et al. 1987). Una alta abundancia de especies deuteradas, puede indicar que
ha ocurrido fragmentacio´n quı´mica7 en la nube frı´a (como por ej. la deuteracio´n del formaldehı´do y del
metanol, Ceccarelli et al. 2001). Algunas mole´culas que contienen deuterio se pueden formar mediante
reacciones en fase gas (por ej. Rodgers and Millar 1996), o tras la evaporacio´n de mole´culas formadas en
la superficie de los granos de polvo durante la etapa de gas frı´o en el entorno de las nubes calientes (por ej.
van der Tak et al. 2002). Sin embargo, a excepcio´n del metanol, se conoce poco acerca de la deuteracio´n
de mole´culas orga´nicas complejas en el medio interestelar, especialmente en regiones de formacio´n de
estrellas masivas (Gerin et al. 1992, Daly et al. 2013, Neill et al. 2013, Esplugues et al. 2013, Coudert
et al. 2013, Lo´pez et al. 2014, Belloche et al. 2016). Diversos autores (Walmsley et al. 1987, Brown et al.
1988 y Plambeck and Wright 1987) proponen que el hot core ha sido calentado recientemente (≤104 yr)
de manera que au´n refleja la composicio´n inicial de los granos de polvo.
Diversos autores han especulado sobre la naturaleza de hot core de Orio´n-KL. Se ha propuesto que el hot
core esta´ siendo calentado por un flujo explosivo asociado con la desintegracio´n dina´mica de un sistema
estelar masivo, que resulto´ en tres objetos que se alejan unos de otros BN, n e I (ver Fig.2.2 que muestra
la emisio´n en el IR cercano obtenida recientemente por Bally et al. 2015; ver tambie´n Bally et al. 2017);
estas fuentes emiten en radio continuo y formaron un grupo estelar en el pasado, hace ≈500 an˜os (Zapata
et al. 2011). Detra´s de la regio´n HII (0.1 pc) producida por el flujo UV de las estrellas OB del Trapecio,
esta´ la regio´n de Orion-KL que contiene un clu´ster de fuentes IR de ≈105 luminosidades solares cerca del
centro del nu´cleo ma´s denso de la nube molecular (Lada and Kylafis 2012b; Genzel and Stutzki 1989).
Genzel and Stutzki (1989) sugieren que la fuente IRc2 esta´ entre las fuentes con mayor tempertura de
los granos de polvo.
Zapata et al. (2011) interpretan esta componente como producto del choque del gas acelerado por una
explosio´n hace ≈500 an˜os (en el seno de varios objetos estelares en formacio´n) contra una regio´n densa
del extended ridge, calenta´ndolo y favoreciendo la formacio´n del hot core. Aunque comparte similitudes
con las condiciones fı´sicas de la componente del compact ridge, experimenta una quı´mica diferente,
probablemente por las distintas condiciones iniciales de los granos de polvo.
La caracterizacio´n de las componentes cla´sicas o tı´picas de la regio´n de Orio´n-KL, son el
resultado del ana´lisis de los perfiles de las lı´neas de emisio´n molecular de la nebulosa (ver Tabla 5.1,
Blake et al. 1987). Con el tiempo y la mejora de las resoluciones espectrales y espaciales, se ha
encontrado que las componentes de la nube de Orio´n-KL se subdividen en subcomponentes adicionales.
7ver Sec. 3.1.2
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2.2 Formacio´n de estrellas masivas
2.2.1 Formacio´n estelar
Es importante destacar, que la mayor parte de la formacio´n estelar en la Vı´a La´ctea tiene lugar
en las nubes moleculares gigantes (GMCs Giant Molecular Clouds, ≥105-106M, ≈107 an˜os, >150 pc)8
(Blitz 1993, Blitz and Williams 1999). En estas GMCs albergan regiones de formacio´n de estrellas
masivas, y en ellas nos encontramos una gran variedad de condiciones fı´sicas y quı´micas (nubes difusas,
oscuras, densas, nu´cleos pre-estelares, regiones HII, PDRs, etc). La fig. 2.6 es una representacio´n de
las diferentes fases del medio interestelar y la quı´mica que nos encontramos asociada (basada en Kwok
2007).
Núcleos densos Colapso 
gravitacional 
Proto-estrella 
(disco rotatorio) 
Figura 2.5: Esquema general para el proceso de formacio´n de estrellas a partir de nu´cleos de
condensacio´n dentro de la nube (de izquierda a derecha). Las proto-estrellas tardan en formarse
alrededor de los 106 an˜os. Las nubes moleculares donde se forman las estrellas se disipan en torno a
los 107 an˜os.
El mecanismo ba´sico de formacio´n estelar (ver por ej. Shu et al. 1987) parte del movimiento
sistema´tico de ”parcelas” de gas en la nube, considerando a este como un fluido, ya que las distancias en
las que se producen esos movimientos sistema´ticos son significativamente mayores que el recorrido libre
medio de las partı´culas. Esto confiere al gas propiedades de fluido, es decir, que puede ser caracterizado
con unas variables macrosco´picas como densidad (ρ), velocidad (3), temperatura (T ) y presio´n (P). Estos
para´metros se pueden determinar a partir de observaciones moleculares. De este modo, el movimiento
del gas en la nube se puede modelizar a partir de las leyes de conservacio´n del momento (con la
ecuacio´n de movimiento), de la energı´a (con la aproximacio´n adiaba´tica) y de la masa (con la ecuacio´n
de continuidad).
Dentro de una nube molecular gigante, puede haber zonas de elevada densidad o nu´cleos que no
pueden soportar su propia gravedad, con lo que la nube comienza a contraerse aumentando la velocidad
angular y fragmenta´ndose en partes (lo que dara´ lugar a la escisio´n de los nu´cleos en cu´mulos que
precedera´n al comienzo de la formacio´n estelar), para terminar colapsando y generando proto-estrellas.
Este proceso se conoce como inestabilidad gravitacional (ver por ej. Jeans 1902, Bonnor 1956). El
teorema de Virial relaciona la energı´a cine´tica y potencial involucradas en tal feno´meno, proporcionando
8Estos valores tı´picos de GMCs pueden variar teniendo en cuenta la no uniformidad de las propiedades del gas interestelar
en diferentes posiciones de la galaxia. Ası´, por ejemplo, cerca del radio central de Nuestra galaxia la presio´n del gas es unos 3
o´rdenes de magnitud mayor que en la vecindad local.
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Figura 2.6: Esta figura muestra los entornos o fases del medio interestelar y su implicacio´n en la
quı´mica. La nebulosa de Orio´n-KL se situ´a detra´s de la regio´n HII, y contiene el nu´cleo ma´s denso en
la nube y un clu´ster de estrellas infrarrojas muy luminosas, de las cuales IRc2 es la fuente dominante.
Los donuts representan las mole´culas interestelares y en la figura aparecen los lugares en los que
se detectan. Fuente: basado en Kwok 2007
la masa de Jeans (MJ)9, la cual ofrece una idea de la masa crı´tica de gas que se necesita para que ocurra
el colapso gravitacional.
La funcio´n inicial de masas (IMF, Initial Mass Function por sus siglas en ingle´s, ver por ej.
Miller and Scalo 1979, Figer 2005) permite establecer la distribucio´n inicial de masas para una poblacio´n
de estrellas que comienzan a tener reacciones nucleares de fusio´n de hidro´geno, es decir, que entran en
la secuencia principal. La distribucio´n de masas en una nube molecular, puede expresarse mediante una
ley de potencias10 (Kroupa 2001).
Tambie´n hay que tener en consideracio´n, que la turbulencia y los campos magne´ticos tienen
un papel esencial en el mecanismo de formacio´n estelar (Larson 1981, Ostriker 1997, Pudritz et al.
2014, Mac Low and Klessen 2004, Ballesteros-Paredes et al. 2007, Cortes et al. 2016). El colapso
gravitacional de la nube molecular puede estar asociado a procesos de fragmentacio´n de la nube, dando
lugar a la formacio´n de estrellas de forma aislada o en grupos. Los mecanismos ba´sicos que implican la
fragmentacio´n de la nube (ver por ej. Klessen and Burkert 1999, Inutsuka 2012), se basan principalmente
en el efecto de la gravedad y en la turbulencia, la cual hace que las masas o ”parcelas” de gas colisionen
y compriman el gas, volvie´ndose opacas y pasando de ser isotermas a adiaba´ticas, para generar nu´cleos
proto-estelares en la nube.
9 MJ (M)=C P3/2G3/2ρ2 =C(
kTk
µG )3/2 1ρ1/2 , donde la C depende del exponente adiaba´tico y la µ es el peso molecular del gas. Si
la Mnube>MJ entonces la nube terminara´ colapsando gravitacionalmente puesto que la presio´n del gas no es suficientemente
elevada como para contrarrestar el efecto de la gravedad. Ası´, cuanto mayor sea la densidad inicial a elevada temperatura,
menor sera´ la MJ , y por tanto, mayor probabilidad de formacio´n de estrellas masivas.
10dN/dlnM∝M−α, donde α depende del entorno astrofı´sico por la composicio´n del medio.
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En el proceso de formacio´n de las proto-estrellas (ver por ej. Shu et al. 1987), el gas en
caı´da libre libera energı´a cine´tica y como consecuencia aumenta la presio´n y la temperatura centrales,
convirtie´ndose en fuentes que emiten en la regio´n IR del espectro. Generalmente se forma un disco
en rotacio´n alrededor de cada objeto central. Estos discos pueden evolucionar dando lugar a sistemas
planetarios. Los procesos que conducen a la acrecio´n de suficiente material a trave´s del colapso
gravitatorio, generan flujos bipolares que emergen del nu´cleo proto-estelar. De este modo, las estrellas
quedan embebidas en la nube parental y calientan el entorno inmediato, como por ejemplo, las estrellas
del Trapecio de la nebulosa de Orio´n.
Los campos magne´ticos, actu´an como fuentes de presio´n sobre el gas de la nube provocando
la contraccio´n de la misma o actuando de freno, aunque para ello se requiere que haya gas ionizado (ver
por ej. Pudritz 2002, Inutsuka 2012). El teorema de Virial incluye esta influencia por medio de la energı´a
magne´tica, la cual marcara´ el modo en que se fragmenta la nube en funcio´n de la relacio´n entre la energı´a
gravitatoria y cine´tica (ver por ej. Shu et al. 1987). De este modo, se establece una masa crı´tica (Mcr)11
que depende directamente de la intensidad del campo magne´tico (B) e inversamente de la densidad del
gas de la nube (ρ).
2.2.2 Formacio´n de estrellas OB
Las estrellas OB son estrellas masivas, que tienden a formarse en clu´sters (ver por ej. Pudritz
2002), con una vida media relativamente corta (en comparacio´n con las estrellas menos masivas del
clu´ster), cuyo color espectral varı´a entre el azul (O) y el blanco-azulado (B), y son excelentes indicadores
de formacio´n estelar reciente. El complejo que constituye la asociacio´n de estrellas OB, esta´ asociado a
nubes moleculares gigantes, en las que ocurren procesos de formacio´n tanto de estrellas de baja y alta
masa. Las estrellas de tipo espectral OB asociadas a la regio´n de Orio´n-KL, tienen luminosidades de
≈105 L, masas de ≥10 M y edades de unos ≈106 an˜os. La asociacio´n OB de esta regio´n consta de 56
estrellas de tipo espectral de O6 a B2 (Blaauw 1964). La presencia de estrellas de diferentes edades en el
complejo, se atribuye a la formacio´n de dichas estrellas en etapas progresivas desencadenadas quiza´ por
feno´menos de explosio´n de supernovas en el pasado, resultado como consecuencia de la fragmentacio´n
de la nube molecular parental (Blaauw 1964). Las estrellas masivas suelen estar caracterizadas por una
regio´n de ionizacio´n HII (o esfera de Stro¨mgren), a causa de la intensa radiacio´n UV en el entorno de la
nube molecular, en la que la nebulosa de Orio´n-KL es una de las remanentes de la asociacio´n de estrellas
OB objeto de esta tesis.
Las estrellas OB asociadas a la nube de Orio´n-KL se encuentran en el centro del clu´ster del
Trapecio. Aunque au´n queda mucho para comprender sobre la formacio´n de estrellas masivas, Bally
and Zinnecker (2005) respaldan un mecanismo de formacio´n mediante acrecio´n a partir de un disco
circumestelar. La regio´n HII asociada a la regio´n de Orio´n se encuentra en una fase poco evolucionada.
Esto indica que los objetos estelares asociados a Orio´n-KL, como es la fuente I, se encuentran en una
etapa temprana de proto-estrella masiva asociada a un disco de acrecio´n (Reid et al. 2007; Testi et al.
2010; Plambeck et al. 2013).
Genzel and Stutzki (1989) son los autores de referencia para la anatomı´a de la regio´n de Orio´n-
KL. Numerosos estudios relacionados con esta nebulosa, han llevado a analizar el posible origen y
evolucio´n de este objeto (como por ejemplo, Johansson et al. 1984; Sutton et al. 1985; Blake et al.
11 Mcr (M)= 53/248pi2 B
3
G3/2ρ2 (Referencia: Mac Low and Klessen 2004)
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1987; Turner 1989, Tercero et al. 2010, 2011; Comito et al. 2005). La distribucio´n espacial del gas
molecular en la regio´n de Orio´n-KL se ha obtenido a partir de diferentes trazadores moleculares que
emiten principalmente en la regio´n de las ondas mm/sub-mm del espectro (como por ejemplo, Blake
et al. 1986; Favre et al. 2011; Brouillet et al. 2013; Tercero et al. 2015).
La vida de una estrella no esta´ marcada u´nicamente por las condiciones en las que nace, sino
por su interaccio´n continua con el entorno. Por ese motivo, la tendencia a encontrarnos estrellas masivas
formando parte de clu´sters, hace que su historia sea diferente a la de las estrellas de baja masa. La
observacio´n de discos y outflows, una forma evidente de liberacio´n de exceso de momento angular, en
estrellas masivas ha inducido al estudio de sus mecanismos de formacio´n mediante teorı´as de acrecio´n
−acrecio´n del nu´cleo y acrecio´n competitiva, ver por ej. Tan et al. 2014− las cuales se basan en un
aumento del campo gravitatorio (GM/R2) que supere la elevada presio´n de radiacio´n (κ L/(4piR2c),
donde κ es la opacidad del gas). La tendencia de las estrellas masivas a formarse en grupos, puede estar
tambie´n originada en colisiones entre nubes y fusiones de estrellas (Bonnell et al. 1998).
Con el tiempo, las estrellas que en un principio se han formado en clusters o en grupos terminan
dispersa´ndose al cabo de los pocos millones de an˜os. Sin embargo, y debido a que el tiempo de vida de
las estrellas masivas es corto (ver por ej. Lada 1991), estas estrellas suelen encontrarse casi siempre en
asociaciones (ver por ej. Blaauw 1964, 1991 (Orio´n)). En los diagramas de color-magnitud, este tipo de
estrellas en clusters suelen tomarse de referencia para medir distancias12.
Las condiciones fı´sicas del disco circumestelar que rodea a una estrella masiva (ver por ej.
Hirota et al. 2014) se espera que sean diferentes a las de las estrellas poco masivas, especialmente en
la temperatura alcanzada en el disco, un factor clave a tener en cuenta a la hora de analizar la posible
formacio´n de planetas en base a la temperatura que son capaces de soportar los granos de polvo, material
esencial para la formacio´n de planetas rocosos.
2.3 Regio´n de formacio´n de estrellas y Quı´mica Interestelar
La diferenciacio´n quı´mica de la nube de Orio´n-KL, marca las diferentes condiciones fı´sicas
y quı´micas que tuvieron lugar en el proceso de formacio´n estelar, y que han conducido a una quı´mica
definida en distintas subcomponentes de la nebulosa. Por lo tanto, es necesario abordar los mecanismos
fı´sicos de formacio´n estelar desde los primeros estadios hasta que llegan a una etapa en la que las jo´venes
estrellas han interaccionado con su entorno, modificando las condiciones quı´micas y formando especies
moleculares cada vez ma´s complejas.
2.3.1 Formacio´n estelar y su efecto en la quı´mica
Las nubes difusas y las regiones de fotodisociacio´n (PDRs) esta´n iluminadas por el intenso
campo UV de las estrellas jo´venes pro´ximas a ellas, por lo que la quı´mica que presentan sera´ muy
diferente (ver Cap. 3.3) de que aquella que tiene lugar en las regiones ma´s internas y densas de las nubes
asociadas a nu´cleos de condensacio´n molecular. En estos nu´cleos densos y protegidos de la radiacio´n UV,
12El mo´dulo de la distancia considera que los objetos que constituyen el clu´ster esta´n a la misma distancia debido a que en
general los clu´sters esta´n muy lejos de nuestro sistema de referencia, m−M=A+5log(d/10) (donde m es la magnitud aparente y
M la magnitud absoluta, medidas a la distancia esta´ndar de 10 pc; A es la extincio´n interestelar; d es la distancia.
Capı´tulo 2: Regio´n de formacio´n de estrellas: Nube de Orio´n 23
los rayos co´smicos juegan un papel esencial a la hora de establecer los ingredientes que desencadenan
reacciones interestelares ma´s complejas, como es la formacio´n de H+3 a partir de H2 y H+2 , este u´ltimo
producido por la colisio´n de H2 con un rayo co´smico. En las nubes difusas, la quı´mica que se desarrolla
se encuentra en un estado cuasi-estable, debido a que las escalas de tiempo para los procesos de las
recciones quı´micas que tienen lugar son ma´s ra´pidos que el resto de cambios dina´micos que puede haber
en la nube, como por ejemplo el colapso y la congelacio´n (freeze out) de las especies sobre los granos
de polvo (Fraser et al. 2002). Sin embargo, la mayor densidad que caracteriza a las regiones con nu´cleos
densos dentro de nubes moleculares, implica que los procesos quı´micos y los cambios dina´micos ocurran
a una escala de tiempo comparable, impidiendo que no se establezca un estado cuasi-estable durante la
evolucio´n de tales nubes (Fraser et al. 2002).
La quı´mica de los hot cores, ası´ como la de los hot corinos, regiones donde se esta´n
experimentando las fases iniciales de colapso para la formacio´n de estrellas, conlleva una serie de etapas
que conducen a la formacio´n de mole´culas interestelares complejas, y se basan esencialmente en una
quı´mica de superficie y en una sı´ntesis de mole´culas en fase gas, ambas interrelacionadas con una etapa
de desorcio´n de las mole´culas de los hielos a la fase gas (Herbst 2005, 2006). En los artı´culos presentados
en esta tesis, podemos ver la estructura fı´sica de Orio´n-KL vista en diferentes transiciones rotacionales
de diversas mole´culas, presentada en forma de mapas de intensidad integrada de la emisio´n de lı´neas
moleculares. Anteriormente, hemos visto como la figura 2.4 muestra un mapa de emisio´n del continuo
de Orio´n-KL.
En la figura 2.6 podemos observar los entornos o fases del medio interestelar y su implicacio´n
en la quı´mica interestelar.
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(a) EtCN (b) VyCN (c) cis-AcMe (d) g-EtF (e) t-EME
(f) gt-n-PropOH (g) cis-MF (h) trans-AA (i) cis-GLY
Figura 3.1: Mole´culas orga´nicas complejas (COMs) interestelares que abarcan esta tesis. EtCN:
Cianuro de Etilo; VyCN: Cianuro de Vinilo; cis-AcMe: cis-Acetato de Metilo; g-EtF: gauche-Formiato
de Etilo; t-EME: trans-Etil Metil ´Eter; gt-n-PropOH: gauche-trans-n-Propanol; cis-MF: cis-Formiato
de Metilo; trans-AA: trans- ´Acido ace´tico; cis-GLY: cis-Glycolaldehı´do
Las reacciones quı´micas implicadas en la produccio´n de mole´culas en el medio interestelar,
esta´n regı´das por procesos fı´sicos bajo condiciones de baja presio´n, temperatura y densidad, en un
entorno altamente hostil. El medio interestelar no es un lugar tranquilo, los violentos procesos asociados
con las u´ltimas etapas de la vida de las estrellas (eyeccio´n de materia en los procesos de pe´rdida de
masa de las gigantes rojas, la explosio´n de supernovas, los vientos de las estrellas masivas, etc.), marcan
las condiciones de temperatura y densidad en el gas interestelar, pudiendo hacer que el gas alcance
velocidades de cientos de kilo´metros por segundo en las zonas asociadas a choques, mientras que en las
zonas densas alrededor de las proto-estrellas, estas velocidades se reducen a unos cuantos kilo´metros por
segundo (Williams and Herbst 2002).
Para estudiar esa quı´mica compleja y poder estimar las condiciones fı´sicas y quı´micas de esos
objetos, se deben utilizar las regiones del espectro donde emiten las mole´culas: el dominio de las ondas
milime´tricas, submilime´tricas, microondas e infrarrojo lejano. La mayor parte de las nubes interestelares,
esta´n muy protegidas de la radiacio´n UV de las estrellas por los granos de polvo que absorben dicha
radiacio´n. La Figura 3.2 muestra una de dichas nubes, el glo´bulo de Bok B68. En esta nube se puede
percibir el enrojecimiento de las estrellas conforme penetramos en la misma, hasta que estas desaparecen
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completamente debido a la enorme absorcio´n Av, a unos segundos de distancia del borde de B68 (Fig.
3.2)1.
Figura 3.2: Barnard 68 (B68 o LDN 57) es un glo´bulo de bok, de unos 7 meses luz de dia´metro
(≈0.2 pc), que se encuentra a una distancia de unos 500 an˜os luz hacia la constelacio´n de Ofiuco, y
representa el ejemplo ma´s caracterı´stico de nube molecular o nebulosa oscura. Considerado antan˜o
como un ”agujero en el cielo”, estas nubes moleculares son uno de los objetos ma´s frı´os del Universo
(rondando los 10 K), y es el lugar donde nacen las estrellas. Esta nube parece estar en su etapa
ma´s temprana de colapso. La ima´gen (N arriba, E a la izquierda) es una composicio´n en color con
una exposicio´n en tres colores (B, V, I−blue, green-yellow, near-infrared, respectivamente) obtenida
con el espectro´grafo FORS1 del telescopio Antu del Very Large Telescope (VLT) en 1999. Fuente:
https://www.eso.org/public/spain/images/eso9924a/
La gran complejidad molecular observada en el medio interestelar, particularmente en los hot
cores (condensaciones moleculares asociadas a estrellas masivas) y hot corinos (los ana´logos asociados
a estrellas poco masivas), ha impulsado en los ultimos 40 an˜os, una intensa bu´squeda de nuevas especies
moleculares, para comprender el grado de complejidad quı´mica y los procesos que dan lugar a la
formacio´n de mole´culas en entornos tan rarificados. En la base de datos del ”The Cologne Database for
Molecular Spectroscopy” podemos encontrar una lista de mole´culas detectadas en el medio interestelar
y circumestelar, ası´ como en objetos extragala´cticos, ordenados segu´n el nu´mero de a´tomos de las
mole´culas.
1Condiciones fı´sicas de B68: Temperatura cine´tica (basada en observaciones de transiciones de inversio´n de NH3)=10 K
(Hotzel et al. 2002, Bergin et al. 2006); Densidad (central)=106 cm−3 (Bergin et al. 2006).
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Las bajas temperaturas y densidades que nos encontramos en las nubes interestelares en
comparacio´n con las condiciones terrestres, se compensan por el largo tiempo de vida de las nubes
moleculares que, protegidas por los granos de polvo, permiten que tenga lugar la formacio´n de mole´culas
complejas. En las nubes moleculares oscuras y frı´as, las temperaturas rondan los 10-20 K y los procesos
moleculares no ocurren en equilibrio termodina´mico. De manera que, se requiere un aporte de energı´a
externo suplido por los rayos co´smicos, que ionizan la materia interestelar, desencadenando una quı´mica
io´n-neutro que da lugar a un gran nu´mero de mole´culas complejas.
A pesar de que las transiciones moleculares emiten en la regio´n visible/UV (transiciones
electro´nicas), infrarroja (transiciones vibracionales) y de radio (transiciones rotacionales), para estudiar
los feno´menos astrofı´sicos que esta´n aconteciendo en las regiones de formacio´n estelar, debemos recurrir
al diagno´stico de las lı´neas en la regio´n milime´trica/submilime´trica del espectro. En esta regio´n, las
nubes interestelares son transparentes y permiten analizar las diferentes zonas de emisio´n de la nube. La
emisio´n de energı´a de las mole´culas a trave´s de sus transiciones moleculares, hace que se les considere
importantes refrigerantes de la nube interestelar, lo cual puede ayudar al colapso de la nube (Fraser et al.
2002).
3.1 Mole´culas orga´nicas complejas interestelares
Gracias a las extensas escalas de tiempo de vida de las nubes moleculares, y a pesar de las
condiciones fı´sicas extremas, se puede esperar que determinadas reacciones quı´micas suficientemente
ra´pidas, permitan la formacio´n de mole´culas complejas. En las constantes de equilibrio que caracterizan
las reacciones quı´micas, influyen las variables termodina´micas; tales como la energı´a libre de Gibbs, la
entalpı´a y la entropı´a. Dichas constantes, son significativas en entornos de densidades y temperaturas
elevadas; caracterı´sticas de atmo´sferas de estrellas, objetos subestelares y planetas gigantes gaseosos
(Agu´ndez 2009). Sin embargo, evaluar el estado de equilibrio quı´mico de las mole´culas en las nubes
moleculares resulta complicado. La variacio´n de la abundancia de las especies moleculares con el tiempo,
es la variable que nos permite determinar la viabilidad de una reaccio´n quı´mica. Para evaluar el equilibrio
cine´tico de las reacciones interestelares en las nubes moleculares2, debemos utilizar las velociades de
reaccio´n3, las cuales dependen de la temperatura y de la energı´a de activacio´n del sistema.
Dependiendo del nu´mero de a´tomos que poseen las mole´culas, se las considera simples, cuando
tienen menos de 6 a´tomos, o complejas, en el caso contrario (Herbst and Van Dishoeck 2009).
La formacio´n del H2 se produce por procesos de cata´lisis en la superficie en los granos de
polvo, ya que esta mole´cula es la ma´s abundante y de ella depende la formacio´n del resto de mole´culas
interestelares. Sin embargo, el desencadenante de la complejidad quı´mica en el medio interestelar es el
io´n H+3 (Geballe and Oka 1996), producto de la ionizacio´n del H2 por los rayos co´smicos que penetran
2reacciones io´n-mole´cula, neutro-neutro, asociacio´n radiativa, recombinacio´n disociativa, fotodisociacio´n y fotoionizacio´n,
reacciones a tres cuerpos, disociacio´n colisional, recombinacio´n radiativa, recombinacio´n de asociacio´n radiativa, intercambio
neutro, reacciones en superficie (cata´lisis heteroge´nea, adsorcio´n, desorcio´n te´rmica, impacto por radiacio´n UV/io´n/electro´n),
reacciones de inserccio´n de carbono, reacciones de agregacio´n de granos de polvo y mole´culas grandes, escisio´n de los granos
de polvo, etc.
3asociadas a temperaturas cine´ticas a causa de colisiones moleculares ela´sticas, las cuales se caracterizan por establecer una
distribucio´n de velocidades maxwelliana
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en las densas nubes de gas y polvo.
Cuanto ma´s grandes son las mole´culas, mayor complejidad espectral poseen. Las funciones
de particio´n rotacionales que las caracterizan, cuando adquieren valores grandes, conllevan a una
disminucio´n en la poblacio´n de los niveles rotacionales individuales, incluso a las bajas temperaturas
de los nu´cleos frı´os (Smith 2011). Thaddeus (2006) especulo´ la posibilidad de la existencia de un lı´mite
para la observacio´n de mole´culas interestelares grandes mediante espectroscopı´a milime´trica, debido a
la complejidad espectral que las caracteriza.
La primera vez que se aplicaron las te´cnicas de espectroscopı´a microondas con el fin de
observar mole´culas poliato´micas, fue con la emisio´n de la mole´cula de NH3 hacia el centro gala´ctico
(Cheung et al. 1968). Desde entonces, el intere´s por conocer la naturaleza molecular del medio
interestelar, no ha hecho nada ma´s que aumentar. La primera mole´cula orga´nica poliato´mica que se
observo´ en el medio interestelar, fue el formaldehı´do (H2CO), haciendo uso del radiotelescopio de 140
pies (≈43 m) de dia´metro de Green Bank de la NRAO en el an˜o 1969 (Snyder et al. 1969), al mismo
tiempo que el vapor de agua H2O (Cheung et al. ). La ubicuidad de esta mole´cula en numerosas fuentes
astrofı´sicas, indujo a considerar que los procesos de evolucio´n quı´mica eran mucho ma´s complejos de lo
que se pensaba en aquel momento.
Los grupos funcionales detectados en el medio interestelar son extremadamente
variados. La fig. 3.3 muestra los grupos funcionales detectados en Orio´n-KL: e´teres
(CH3OCH3, CH3OCH2CH3), e´steres (CH3OCOH, CH3OCOCH3, CH3CH2OCOH), alcoholes (CH3OH,
CH3CH2OH, OHCH2CH2OH), aldehı´dos (H2CO, CH3CHO, CH2OHCHO), cetonas (CH3COCH3),
a´cidos carboxı´licos (HCOOH, CH3COOH), cetenas (H2CCO), o´xidos cı´clicos (c-CH2OCH2),
aminas (CH3NH2), amidas (NH2CHO), cianuros (CH3CN, CH3CH2CN, CH2CHCN, (CH3)2CHCN),
isocianuros (CH3NC, CH3CH2NC, CH2CHNC, HCCNC), isocianatos (CH3NCO), cianopoliinos
(HCnN, n=3,5), mercaptanos (CH3SH). Debemos tener en cuenta, que tambie´n hay que incluir en esta
lista los isotopo´logos y estados vibracionalmente excitados de la mayorı´a de estas mole´culas. Como el
eje central de esta tesis se enfoca en las mole´culas de cierta complejidad quı´mica, en la figura se han
omitido las mole´culas de naturaleza ma´s simple como H2O, H2, CO, CO2, SO, SO2, NH3, HCO+, HCN,
CN, SiO, SiS, HCS+, OCS, H2CS, CH3O, CO+, NS, SH2, CCS, CCH, HNCO.
Seguramente au´n haya muchas mole´culas interestelares que no han sido detectadas todavı´a,
bien porque tengan un momento dipolar ele´ctrico pequen˜o o nulo, en el caso de especies con el centro de
carga coincidente con el centro de la distribucio´n de cargas, una abundancia pequen˜a, o incluso porque
su identificacio´n requiera un arduo trabajo de laboratorio, que facilite su asignacio´n espectrosco´pica
fiable. Adema´s, para poder tener una base de datos de reacciones completa, habrı´a que considerar a las
mole´culas que reaccionan muy ra´pidamente con otras especies, y cuya abundancia instanta´nea es baja,
pero juegan un papel importante en la evolucio´n quı´mica del gas.
3.1.1 Temperatura de las regiones del ISM y las transiciones observadas
Mientras que la mayorı´a de las mole´culas se detectan a trave´s de su espectro de emisio´n
en la regio´n milime´trica/sub-milime´trica (mm/sub-mm), los granos de polvo se detectan en la regio´n
Infraroja (IR) del espectro electromagne´tico (granos calientes) o submilime´trica (granos frı´os). Los
granos emiten como un cuerpo gris, donde el coeficiente de absorcio´n y emisio´n esta´ determinado
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Figura 3.3: Las mole´culas orga´nicas observadas en la nube de Orio´n-KL muestra la diversidad de
grupos funcionales que son posibles detectar en el ISM. Las mole´culas nitrogenadas y aquellas que
contienen oxı´geno marcan una diferenciacio´n quı´mica evidente entre las diferentes componentes de la
nube predominantemente en el entorno del hot core y del compact ridge. En esta figura aparecen las
mole´culas orga´nicas de cierta complejidad quı´mica y omitimos aquellas de naturaleza ma´s simple como
el CO, NH3, HCN, OCS, etc.
por las propiedades ele´ctricas de su superficie. Por otro lado, si quisieramos obtener informacio´n
acerca de los estados electro´nicos de las mole´culas en el medio interestelar, tendrı´amos que recurrir
a observaciones en el dominio de las ondas ultravioleta (UV). Pero el principal problema de ese estudio
serı´a el ”oscurecimiento” por el polvo interestelar, que impedirı´a ver lo que hay detra´s de la regio´n
que quisieramos observar. Estas te´cnicas se han utilizado en las nubes difusas (van Dishoeck 1998,
Yamamoto 2017).
La aproximacio´n de Born-Oppenheimer separa los movimientos rotacionales, vibracionales y
electro´nicos de las mole´culas. De esta manera, se puede resolver la ecuacio´n de Schro¨dinger para cada
uno de esos movimientos separadamente, facilitando el ca´lculo del operador Hamiltoniano. Para cada
nivel electro´nico, hay que tener en cuenta toda la estructura vibracional y rotacional. Las transiciones
electro´nicas, vibracionales y/o rotacionales, respectivamente, que ocurren entre los diferentes niveles
energe´ticos vendra´n determinadas por la energı´a interna disponible en la mole´cula. En una transicio´n
electro´nica, los electrones cambian de orbital molecular. Las energı´as asociadas son generalmente de
varios eV. En una transicio´n vibracional, los nu´cleos cambian de frecuencia de vibracio´n entre ellos. Las
frecuencias fundamentales de vibracio´n oscilan entre los ma´s de 4 000 cm−1 del hidro´geno molecular
a unas decenas de cm−1 para la torsio´n de algunas mole´culas con grupos CH3. Finalmente, el cambio
de velocidad de rotacio´n de la mole´cula corresponde a energı´as de unos Kelvin a centenas de Kelvin,
dependiendo de los nu´meros cua´nticos involucrados en la transicio´n.
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Las transiciones rotacionales poseen los coeficientes de Einstein de emisio´n esponta´nea ma´s
bajos, y los niveles rotacionales involucrados tienen energı´as muy bajas. Esto implica que se puedan
poblar bajo condiciones de temperatura mucho ma´s bajas, tı´picas del medio interestelar, concretamente
entre los pocos y los cientos de grados Kelvins. Adema´s, como el espaciado entre los niveles de energı´a
rotacionales guardan relacio´n con los momentos de inercia principales de la mole´cula (Ii, i=a,b,c),
la prediccio´n de las frecuencias de las transiciones rotacionales se realiza a trave´s de sus constantes
rotacionales (A,B,C), y constantes de distorsio´n centrı´fuga.
Condiciones fı´sicas del ISM
Las nubes interestelares se caracterizan por desidades desde los 10≥nH≥106 cm−3, y
temperaturas cine´ticas de 10≤Tk≤300 K. Aproximadamente, la mitad de la materia interestelar
(constituida por un 99% gas interestelar y el resto polvo interestelar) se encuentra en las densas nubes
moleculares (Gargaud 2011).
Condiciones tı´picas de las nubes interestelares
Nubes difusas (Tk≈100 K, A3≈1-3 mag, nH≈102 cm−3, Composicio´n: HI (H ato´mico),
Quı´mica interestelar: mole´culas simples −diato´micas,...−)
Nubes traslu´cidas (50<Tk<100 K, A3≈2-5 mag, nH≈102-103 cm−3, Composicio´n: interfase
HI/H2, Quı´mica interestelar: Quı´mica de nubes difusas/moleculares)
Nubes oscuras (Tk≈10-20 K, A3≈1-5 mag, nH≈104-105 cm−3, Composicio´n: H2, Quı´mica
interestelar: mole´culas simples y complejas, ası´ como cianopoliinos e hidrocarburos de
naturaleza no terrestre)
Glo´bulos de bok (Tk≈10 K, A3≈10 mag, nH≈104 cm−3, Composicio´n: H2, Quı´mica
interestelar: mole´culas simples y complejas )
Nubes densas (Tk≈10-50 K, A3≈5-10 mag, nH≈103-106 cm−3, Composicio´n: H2, Quı´mica
interestelar: mole´culas simples y complejas)
Nu´cleos calientes (Tk≈100-300 K, A3≈102-103 mag, nH>106 cm−3, Composicio´n: H2,
Quı´mica interestelar: quı´mica compleja ”COMs”)
Las temperaturas que hacen falta para que se exciten las transiciones de una mole´cula y
las podamos observar en una regio´n u otra del espectro electromagne´tico, dependera´n de las tasas de
colisio´n con H2 y He, las cuales dependen de la temperatura. Todas las mole´culas pueden ser excitadas
rotacional, vibracional o electro´nicamente. La energı´a rotacional Erot, vibracional Evib y electro´nica
Eelec, contribuyen a la energı´a total del sistema, junto con la energı´a traslacional (Etras)4. A continuacio´n,
4La energı´a traslacional aporta un valor constante a la energı´a total del sistema, de ahı´ que las frecuencias de la transicio´n
puedan estimarse como ETOT=hν=∆Erot+∆Evib+∆Eelec
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detallamos las caracterı´sticas principales de las diferentes transiciones moleculares, ası´ como el motivo
por el cual se observan unas transiciones y no otras en el medio interestelar.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
• Transiciones rotacionales (MW, milime´trico/sub-milime´trico, IR-lejano): esta´n implicadas en los
movimientos de rotacio´n respecto a los ejes principales de las mole´culas. Las transiciones rotacionales
tienen coeficientes de Einstein pequen˜os, entre 10−8 a 10−3 s−1, por lo que una vez excitada la mole´cula
a un nivel determinado permanece un tiempo considerable en e´l. Esto implica que se puedan poblar o
excitar los niveles rotacionales con facilidad en el medio interestelar, alcanzando incluso la termalizacio´n
para densidades moderadas de H2, como es el caso de todas las mole´culas con bajo momento dipolar (por
ejemplo CO). El espaciado entre los niveles rotacionales (∆E=∆Erot) es pequen˜o (unos pocos meV), y
las energı´as de los niveles rotacionales se encuentran en el orden de los 1-102 K (≈10−3 eV, ≈1-100 cm−1,
≈30-3000 GHz), es decir, dentro de los valores de la temperatura cine´tica de las nubes oscuras, densas
y condensaciones moleculares asociadas a formacio´n estelar. Las transiciones rotacionales ma´s bajas
o ma´s altas trazara´n el gas ma´s frı´o o ma´s caliente, respectivamente. El nivel rotacional ma´ximo que
puede ser poblado, Jmax, dentro de un mismo nivel vibracional, vendra´ caracterizado por las constantes
rotacionales y las energı´as de las transiciones implicadas.
• Transiciones vibracionales (IR): esta´n implicadas en los movimientos de vibracio´n y los a´ngulos
entre los a´tomos de las mole´culas. El espaciado entre los niveles vibracionales (∆E=∆Erot+∆Evib) es
mayor que los rotacionales, y sus energı´as se encuentran entre 100 y 5000 K (≈1-5×10−1 eV, ≈100-
4000 cm−1,≈3000-120000 GHz), tı´pico de condensaciones moleculares calientes (>102 K) y de las
regiones ma´s pro´ximas al entorno que circunda las estrellas recie´n formadas. Los coeficientes de Einstein
de las transiciones vibracionales, oscilan entre un fraccio´n de segundo y varios segundos, dependiendo
de la derivada del momento dipolar con respecto a las direcciones y a´ngulos asociados a la vibracio´n.
• Transiciones electro´nicas (IR-cercano, UV, vis): esta´n implicados en los cambios en la configuracio´n
electro´nica de las mole´culas y, como consecuencia, de la fortaleza de los enlaces covalentes o io´nicos. El
espaciado entre los niveles electro´nicos (∆E=∆Erot+∆Evib+∆Eelec) es mucho mayor, y sus energı´as son
>104 K (≈5-10 eV, ≈104 cm−1, ≈3×105 GHz), tı´pico de gas coronal, plasma, explosiones de supernovas,
y atmo´sferas estelares en general. Los niveles electro´nicos no esta´n poblados bajo las condiciones
interestelares.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.1.2 Para´metros fı´sico-quı´micos
La densidad de columna (N), es la densidad de mole´culas por cada unidad de superficie (en
cm2) contenida en una columna de longitud equivalente a la distancia entre la fuente y el observador.
Es el para´metro libre estimado en la modelizacio´n astrofı´sica, y se mide en unidades de cm−2. Es una
medida del nu´mero de a´tomos o mole´culas a lo largo de la lı´nea de visio´n (ec. 3.1-3.6, Gordy and Cook
1984, Mangum and Shirley 2015). Dependiendo de diversos factores observacionales como el dia´metro
del telescopio (dtelesc), la velocidad observada de las lı´neas respecto al sistema local de reposo (vLS R) y
la anchura a media altura de las lı´neas gaussianas (vFWHM , por las siglas en ingle´s ”Full Width at Half
Maximum”), ası´ como la temperatura de las diferentes componentes de la nube, la densidad de columna
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dependera´ de cada mole´cula considerada, y tendra´ que ser determinada a partir de la observacio´n de una
gran nu´mero de transiciones moleculares que permitan trazar las diferentes condiciones fı´sicas de la nube
(temperatura, densidad de H2 y abundancia de las mole´culas).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Densidad de columna (n=a´tomo o mole´cula en el nivel superior n; tot=poblacio´n total):
Nn =
∫ s
0
nnds (3.1)
τν =
∫ s
0
ανds =
∫ s
0
kνρds (3.2)
kνρ =
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4pi
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c
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La abundancia relativa (X=Na/Nb), es la densidad de columna de una mole´cula referida a la
densidad de columna de otra especie que se toma como referencia. Este para´metro, resulta muy u´til
para hacer comparaciones entre la emisio´n de mole´culas orga´nicas complejas (COMs) provenientes
de diferentes fuentes, o incluso para comparar COMs en diferentes posiciones dentro de la misma
nube. El metanol (CH3OH), como indican Herbst and Van Dishoeck (2009), se utiliza como mole´cula
de referencia para las COMs, ya que es abundante en las nubes moleculares. Del mismo modo,
nuestra mole´cula de referencia para estimar abundancias relativas de todas las mole´culas en las nubes
moleculares, es el H2.
La fraccionacio´n quı´mica es un proceso por el cual, las reacciones quı´micas producen razones
o relaciones de abundancias entre los isotopo´logos diferente de las relaciones de abundancia elementales
actuales (Herbst and Van Dishoeck 2009). Los isotopo´logos interestelares se usan para determinar
relaciones de abundancia elementales, como por ejemplo D/H y 13C/12C. Las abundancias de los iso´topos
de los a´tomos, es un para´metro es muy importante para estudiar la evolucio´n quı´mica gala´ctica, ya que
varı´a con la distancia al centro gala´ctico.
Cuando la mayor parte de las lı´neas de la mole´cula que se busca esta´n recubiertas o solapadas
con lı´neas de otras especies, no es posible confirmar su presencia, y en ese caso, solo se puede obtener
un lı´mite superior a su abundancia (o a su densidad de columna). Lo mismo ocurre cuando suficientes
lı´neas esta´n libres de recubrimientos, pero no se detectan. En el primer caso, el lı´mite superior se
establece por el valor del lı´mite de confusio´n espectral, y en el segundo, por la sensibilidad de las
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observaciones. En la mayor parte de las observaciones de este trabajo, el lı´mite de confusio´n espectral
esta´ 4-5 veces por encima de la sensibilidad de las observaciones. Eso quiere decir, que por mucho que
se integre a las frecuencias de bu´squeda de la especie molecular en cuestio´n, nunca podremos mejorar la
determinacio´n de su abundancia. La deteccio´n tentativa de una especie molecular, se puede aportar en
el caso de tener un nu´mero significativo de lı´neas detectadas.
Desde el punto de vista de la transferencia radiativa, se hara´ hincapie´ en que´ tipo de
informacio´n nos ofrecen las lı´neas moleculares. La intensidad de las lı´neas espectrales se ve afectada
por las condiciones del medio interestelar, especialmente en cuanto a su opacidad (τ). Las lı´neas
o´pticamente transparentes (τ<1), hacen que la radiacio´n que nos llega de la mole´cula nos permita obtener
informacio´n de manera directa acerca de su densidad de columna y temperatura de excitacio´n. Hablamos
de lı´neas o´pticamente opacas (τ>1), cuando la radiacio´n que nos llega de la mole´cula no es representativa
de la densidad de columna total ni de la temperatura de excitacio´n. Un ana´lisis de los iso´topos de las
mole´culas que estamos estudiando (isotopo´meros e isotopo´logos) −como en el artı´culo del CH2CHCN
de esta tesis− nos puede ayudar a conocer la opacidad de nuestras lı´neas, para ası´ proceder a la correccio´n
necesaria para la obtencio´n de las abundancias.
La Temperatura vibracional (Tvib) nos indica como esta´n poblados los niveles vibracionales
de la mole´cula. La densidad de columna de la mole´cula, tanto en su estado fundamental como excitado,
definen su temperatura vibracional a trave´s de la ecuacio´n de Boltzman (Tvib=-[Eνx /ln(QνNνx /NTOT )],
x=nivel vibracional, NTOT=Qν·Ng.s.). Los niveles vibracionales se pueblan por colisiones con otras
mole´culas, o bien mediante la radiacio´n IR aportada por los granos de polvo interestelares.
Los mecanismos de poblacio´n de los niveles de energı´a (ver Sec. 4.1.1) estados asociados
a los diferentes feno´menos de interaccio´n de la radiacio´n con la materia, es decir, de la radiacio´n
electromagne´tica y de su interaccio´n colisional con a´tomos y mole´culas. Considerando estados
estacionarios, tanto vibracionales, como rotacionales y electro´nicos, pueden tener lugar tres procesos
de absorcio´n/emisio´n de la radiacio´n entre dos estados (m y n) separados una cierta energı´a ∆E (con
Em<En), con los que establecemos las tasas de variacio´n de la poblacio´n (dNn/dt): absorcio´n inducida,
emisio´n esponta´nea, y emisio´n inducida o estimulada. En ocasiones, hay que considerar la emisio´n de
los a´tomos como el carbono y el oxı´geno ato´mico, que poseen lı´neas de estructura fina en el dominio
sub-milime´trico e IR-lejano. Asimismo, la interaccio´n colisional con H2, He, y con electrones, puede
modificar la poblacio´n de los niveles de energı´a, y estos efectos deben incorporarse las ecuaciones
de equilibrio estadı´stico local (dNn/dt=0). El mecanismo de poblacio´n de los niveles energe´ticos de
las mole´culas, permite definir dos temperaturas de excitacio´n, una rotacional y otra vibracional, que
caracterizara´n co´mo estan poblados los niveles rotacionales dentro de cada nivel vibracional. Si ambas
temperaturas coinciden, posiblemente la poblacio´n de los niveles de la mole´cula en cuestio´n este´n regidos
por colisiones con otras mole´culas del gas. Sin embargo, si la temperatura vibracional supera a la
cine´tica, es posible que el bombeo de radiacio´n IR (”IR-pumping”), por parte del polvo interestelar,
sea el mecanismo dominante que puebla los niveles vibracionales.
Para que haya una termalizacio´n de las lı´neas de la mole´cula, todas las temperaturas de
excitacio´n tienen que ser las mismas, es decir, la temperatura rotacional (Trot) de las lı´neas debe ser igual
a la temperatura cine´tica (Tk). Y es, de este modo, como se comportarı´an las lı´neas bajo condiciones
de equilibrio termodina´mico local (ETL o LTE, ”Local Thermodynamic Equilibrium” por sus siglas en
ingle´s).
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Otro para´metro que define las propiedades de las mole´culas en cuanto a la contribucio´n de la
poblacio´n de los diferentes estados de la mole´cula, es la funcio´n de particio´n, Q(T ) o f (T ). La funcio´n
de particio´n engloba el peso estadı´stico, la energı´a del estado (vibracional, rotacional, o electro´nico) de
la mole´cula y la temperatura de rotacio´n y vibracio´n de la misma. Dependiendo del nivel electro´nico,
vibracional o rotacional del que queremos obtener la contribucio´n de la poblacio´n en el nivel considerado,
nos referimos a la funcio´n de particio´n electro´nica, vibracional o rotacional, respectivamente.
A continuacio´n, se muestran las ecuaciones necesarias para llevar a cabo el ca´lculo de las
funciones de particio´n vibracional (ec. 3.10) y rotacional (ecs. 3.11 y 3.12) en el marco de nuestro
contexto (nube de Orio´n-KL asociada a la regio´n de formacio´n estelar masiva). En la nube de Orio´n-KL,
la poblacio´n de mole´culas excitadas en los estados electro´nicos no se contempla, debido a que, a pesar de
que la temperatura cine´tica del gas en Orio´n puede alcanzar los 300 K, los niveles de energı´a electro´nicos
se encuentran a varios eV (varias decenas de miles de grados).
La funcio´n de particio´n total (ec. 3.9) describe la distribucio´n de la energı´a interna de
la mole´cula entre los diferentes estados electro´nicos, vibracionales y rotacionales, cuyas energı´as
correspondientes esta´n separadas (Eelec>Evib>Erot), de ahı´ que se pueda considerar como el producto de
las funciones de particio´n electro´nica, vibracional y rotacional, evalua´ndo dichas funciones por separado.
Un para´metro importante que va a caracterizar el valor de los coeficientes de Einstein para
cada transicio´n molecular, es la fuerza de lı´nea5, S nm·µ2nm, que es el valor medio del operador momento
dipolar entre el estado inicial y final de la transicio´n bajo estudio. Las fuerzas de lı´nea se calculan a partir
de las funciones de onda de los niveles de energı´a, y se obtienen a partir del Hamiltoniano que caracteriza
los niveles de energı´a de cada mole´cula.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Forma de la funcio´n de particio´n Qtot (ecuacio´n de Boltzmann):
Ntot =
Ng.s.
gg.s.
∞∑
i=0
gx exp( −ExkT ) =
Ng.s.
gg.s.
Qtot (3.7)
Ni =
Ntot
Qtot gi exp( −
Ei
kT ) (3.8)
x=estado molecular excitado (electro´nico, vibracional o rotacional)
Ng.s.=densidad de columna en el estado fundamental
gg.s.=grado de degeneracio´n del estado fundamental
Funcio´n de particio´n total:
Qtot = ftot = Qelec · Qvib · Qrot → Qtot = Qvib · Qrot (3.9)
donde, Qelec = felec → 1 y 1 < Qvib < 100
5Es la fuerza del oscilador a partir de la cual se establecen los coeficientes de einstein asociados a las transiciones radiativas,
y es una medida de la intensidad de la transicio´n de frecuencia ν, desde el nivel superior n al nivel inferior m. Este para´metro
es la seccio´n eficaz de absorcio´n a lo largo de la lı´nea de visio´n.
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Funcio´n de particio´n vibracional (donde el 1=ZPE):
Qvib = fvib = (1 − eEv1/kT )−d1 · (1 − eEv2/kT )−d2 · (1 − eEv3/kT )−d3 · · · (3.10)
dx=grado de degenercio´n del modo vibracional x (bending, stretching,...)
Evx=energı´a del nivel excitado vibracionalmente (vx=1,2,...)
Aproximaciones para la funcio´n de particio´n rotacional:
Rotores trompo-asime´tricos, Qrot = frot = [ pi(kT )
3
h3ABC
]1/2 (3.11)
Con un rotor interno, Qrot = frot = Qrot(A) + Qrot(E) = 2[ pi(kT )
3
h3ABC
]1/2 (3.12)
Fuerza de lı´nea (S nm·µ2nm)6:
S nm · µ2nm =
8pi3νnm | µnm |2 gm
3hcQtot (e
−Em/kT − e−En/kT ) (3.13)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Los modos de vibracio´n de las mole´culas influyen en los a´ngulos y longitudes de enlace entre
los a´tomos que la constituyen, y en los espectros se refleja el comportamiento de esas modificaciones, de
manera que cada modo normal de vibracio´n aparece a una frecuencia determinada. De la caracterizacio´n
de los modos vibracionales, se encarga la espectroscopı´a Raman e IR, sin embargo, para la deteccio´n de
las transiciones rotacionales dentro de cada uno de esos modos vibracionales en el espectro interestelar,
se recurre a la espectroscopı´a microondas/(sub)milime´trica.
Considerando una mole´cula constituida por N a´tomos, las coordenadas de los a´tomos−x, y,
z−describen la modificaciones en los desplazamientos, de ahı´ que haya ”3N” grados de libertad, de los
cuales 3 movimientos son traslacionales y, en el caso de las mole´culas lineales, 2 son los movimientos
internos rotacionales de los a´ngulos, o, para el caso de las mole´culas no-lineales, 3 son los movimientos
internos rotacionales de los a´ngulos correspondientes con la orientacio´n de la mole´cula en funcio´n de
sus ejes. De este modo, si la mole´cula es lineal tiene 3N-5 modos normales de vibracio´n, mientras
que si es no-lineal tiene 3N-6 modos normales de vibracio´n. Estos modos actu´an como osciladores
normales e independientes que pueden estar excitados individualmente o colectivamente, produciendo
un espectro infrarrojo notable rico. Las temperaturas necesarias para excitar por colisiones esos modos,
esta´n generalmente por encima de los 200 K. Los modos de las mole´culas diato´micas esta´n entre 300 (las
ma´s pesadas con enlaces io´nicos) y 6000 K (para las ma´s ligeras con enlaces covalentes).
Hay que tener en cuenta la estructura de la mole´cula para evaluar los modos de vibracio´n
capaces de excitarse, y determinar si son o no activos (a causa del cambio del momento dipolar). Los
modos de vibracio´n pueden ser de tensio´n o estiramiento (stretching), y de flexio´n (bending), y pueden
ser desplazamientos vibracionales de los enlaces de manera sime´trica o antisime´trica. Las mole´culas de
los artı´culos presentados en esta tesis pertenecen al grupo puntual de simetrı´a Cs, cuyos elementos de
simetrı´a son la operacio´n identidad (E) y la operacio´n reflexio´n en un plano especular horizontal (σh),
y las especies de simetrı´a son A’ (sime´trica) y A” (antisime´trica) con respecto al plano de simetrı´a de la
6Referencia: Waters 1976 (ver Verdes et al. 2005 y Mangum and Shirley 2015 para ma´s detalles).
Capı´tulo 3: Mole´culas orga´nicas complejas interestelares 35
mole´cula, tal que cada modo normal de vibracio´n se corresponde con una especie de simetrı´a A’ o A”,
de frecuencia caracterı´stica en funcio´n de los desplazamientos de los a´tomos que componen la mole´cula
(C-C, C=C, C≡N, CCN, CCO, C-N, C-O, C=O, C-H, ...).
3.2 Espectroscopı´a de mole´culas
Para abordar este apartado, la bibliografı´a esencial tomada como referencia fue la siguiente:
Gordy and Cook 1984, Hollas 2004, y Atkins and De Paula 2008.
La condicio´n principal para poder observar las transiciones de las mole´culas en el dominio de
las ondas de radio, es que la mole´cula tenga un momento dipolar permanente no nulo. Por otra parte,
si nos referimos al tipo de espectroscopı´a de mayor trascendencia por su relacio´n con el campo de la
radioastronomı´a, la ”espectroscopı´a rotacional pura” cuyas transiciones rotacionales se hallan dentro
del mismo nivel vibracional (∆v=0), estamos dejando a un lado tanto la espectrocopı´a vibracional (es
decir, las transiciones entre niveles rotacionales de diferentes niveles vibracionales, con los que se
obtienen espectros IR y/o Raman), como la espectroscopı´a electro´nica (es decir, aquella en la que las
transiciones rotacionales y vibracionales ocurren entre diferentes estados electro´nicos, con los que se
obtienen espectros UV e IR). Las transiciones entre los niveles rotacionales tienen lugar con el cambio
de unidad del momento angular de rotacio´n J, es decir entre J consecutivos (∆J=±1, donde +1:rama R;
-1:rama P), aunque tambie´n existen en algunos casos transiciones con ∆J=0 (rama Q), y si adema´s la
mole´cula esta´ en un campo magne´tico, el efecto Zeeman influye en el desdoblamiento de los momentos
magne´ticos de cada nivel de rotacio´n, para los cuales las reglas de seleccio´n son ∆MJ=0, ±1.
La distorsio´n centrı´fuga produce, debido a la fuerza centrı´fuga generada por la rotacio´n de
la mole´cula, una modificacio´n de la posicio´n promedio de los nu´cleos ato´micos. Adema´s, influye en
la frecuencia a la que se observan las transiciones rotacionales de las mole´culas en el espectro. Este
feno´meno se incluye en los Hamiltonianos moleculares a trave´s de las constantes de distorsio´n centrı´fuga,
an˜adiendo complejidad al ca´lculo del operador Hamiltoniano de la mole´cula.
La resolucio´n del operador Hamiltoniano efectivo se utiliza principalmente para obtener las
frecuencias de las lı´neas y sus intensidades, y ası´ llevar a cabo la caracterizacio´n de la mole´cula para
su identificacio´n espectral en el medio interestelar. El operador Hamiltoniano efectivo7, se trata de
una expansio´n de te´rminos dependiente de los momentos angulares de la mole´cula, y esta´ asociado
a las constantes espectrosco´picas. El Hamiltoniano permite obtener las energı´as y autovalores para
determinar las frecuencias de las transiciones, ası´ como la intensidad a la que aparecen. Las constantes
espectrosco´picas, adema´s, permiten predecir las frecuencias de lı´neas (no medidas en el laboratorio). No
obstante, la incertidumbre en las frecuencias predichas de lı´neas con nu´meros cua´nticos rotacionales ma´s
elevados que las de las lı´neas medidas en el laboratorio, puede llegar a ser muy grande, principalmente
por el limitado nu´mero de constantes de distorsio´n que pueden determinarse cuando las medidas de
laboratorio no son completas.
Cuanto ma´s grandes son las mole´culas, ma´s denso es su espectro, debido a que sus momentos
de inercia son mayores y, por ende, las constantes rotacionales que las describen son ma´s pequen˜as.
Adema´s, las mole´culas que poseen rotacio´n interna o torsio´n debido a la presencia en su estructura de
7Ver Gordy and Cook 1984 para expresiones detalladas.
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grupos torsionales, como el grupo metilo (-CH3), contribuyen a un aumento en la densidad de lı´neas
espectrales, ya que los movimientos de torsio´n y de rotacio´n interaccionan. Adema´s, pueden tener
varios mı´nimos de energı´a potencial asociados a la existencia de diferentes confo´rmeros de la mole´cula
(trans, gauche, ...). Un ejemplo de ello, es una de las mole´culas de la presente tesis, formiato de metilo
(CH3OCOH). Otra de las mole´culas tambie´n estudiadas en este trabajo, el cianuro de etilo, CH3CH2CN
tiene tal cantidad de lı´neas, que representan un bosque densamente poblado en nuestro espectro de la
nebulosa de Orio´n-KL, lo cual dificulta la identificacio´n espectral, por solapamientos con otras especies
moleculares, de nuevas mole´culas de gran intere´s astrofı´sico. Los estados excitados vibracionalmente,
ası´ como los isotopo´logos, de especies moleculares que presentan alguna de estas caracterı´sticas, forman
tambie´n parte de esa contribucio´n al denso bosque de lı´neas. Ese ”bosque” genera un espectro de
confusio´n, en el que muchas transiciones de las mole´culas identificadas y aquellas que quedan por
identificar se entremezclan. Adema´s, al lı´mite de confusio´n espectral se an˜aden las especies moleculares
que esta´n presentes al nivel de la sen˜al-ruido del espectro (es decir, una desviacio´n esta´ndar de unos 3σ
que varı´a en funcio´n de la ventana milime´trica que estemos considerando y el tiempo de observacio´n
dedicado a cada ventana del espectro).
3.2.1 Mole´culas interestelares trompo-asime´tricas
Inspeccionar las pautas que se repiten a lo largo del espectro rotacional de la mole´cula, es
crucial para la asignacio´n fiable de las transiciones rotacionales y, por ende, de sus frecuencias, con
el fin de obtener unas constantes rotacionales o espectrosco´picas que describan de manera adecuada la
estructura geome´trica de la mole´cula, y con ello los niveles rotacionales.
Las constantes rotacionales (A, B, C) describen la estructura geome´trica de todas las mole´culas,
y son inversamente proporcionales a los momentos de inercia que se proyectan sobre los tres ejes
principales (Ia, Ib, Ic)8, en orden decreciente del valor del momento de inercia asociado a cada eje
principal. De este modo, la magnitud de las constantes rotacionales es: A>B>C.
Existen diferentes estructuras geome´tricas de las mole´culas poliato´micas, las cuales se
clasifican segu´n su simetrı´a: rotores lineales, rotores esfe´ricos, rotores sime´tricos y asime´tricos. La
mayorı´a de las mole´culas son rotores asime´tricos (A,B,C). A partir del para´metro de asimetrı´a
(denominado para´metro de Ray k, Ray 1932) se pueden definir un tipo de rotores pro´ximos al lı´mite
de simetrı´a prolate (k cerca de -1, pues A>B≈C), y con ello nos referimos a near-prolate asymmetric
tops9. Dicho valor del para´metro k es dependiente de los valores de las constantes rotacionales (A,B,C).
La notacio´n de King-Hainer-Cross permite caracterizar las transiciones en base a tres nu´meros cua´nticos
(JK−1,K+1, donde K−1: k→-1; K+1: k→+1). Los nu´meros cua´nticos rotacionales de J son momentos
angulares totales de la mole´cula, y las K son pseudonu´meros cua´nticos que se corresponden con la
proyeccio´n de J sobre los ejes de simetrı´a para los casos lı´mite de rotores sime´tricos prolate y oblate
(Gordy and Cook 1984).
Las mole´culas de esta tesis, presentan una estructura correspondiente a la del rotor trompo-
asime´trico con k≈-1 (CH3CH2CN, CH2CHCN, CH3OCOH, CH3COOH, CH2OHCHO, CH3CH2OCOH,
8Los movimientos de vibracio´n de las mole´culas hace que los momentos de inercia dependan de los estados vibracionales,
ya que los cambios en los a´ngulos y distancias de enlace son diferentes para cada modo normal de vibracio´n.
9El otro tipo de rotores posee una geometrı´a pro´xima al lı´mite de simetrı´a oblate y se define como near-oblate asymmetric
tops (k cerca de +1, pues A<B≈C), pero es menos frecuente.
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CH3OCOCH3, CH3CH2OCH3). En el caso de las mole´culas trompo-asime´tricas, el ca´lculo de los niveles
de energı´a rotacionales y, por ende, de los Hamiltonianos efectivos, es considerablemente ma´s intrincado
que para el caso de las mole´culas trompo-sime´tricas (donde los niveles que se corresponden con las
k≈-1 y k≈+1 esta´n degenerados, de ahı´ su notacio´n JK), especialmente para niveles rotacionales cada
vez ma´s altos. Para niveles rotacionales bajos, las ecuaciones que describen los niveles de energı´a y
las frecuencias de las transiciones, son expresiones analı´ticas a partir de las constantes de rotacio´n y de
distorsio´n.
El orden de las transiciones rotacionales, respecto a los nu´meros cua´nticos rotacionales (J)
de las mole´culas, varı´a dependiendo de las reglas de seleccio´n correspondientes a la geometrı´a de la
mole´cula, pues difiere segu´n la disposicio´n de los momentos dipolares (µa,µb,µc). Ası´, en el caso de
las mole´culas trompo-asime´tricas, las transiciones rotacionales las caracterizamos como de tipo a, b y
c, las cuales a su vez pueden pertenecer a varios tipos de ramas en funcio´n de las reglas de seleccio´n
para los nu´meros cua´nticos rotacionales J, es decir la rama P (∆J=-1), la rama Q (∆J=0) y la rama R
(∆J=+1). Dependiendo del tipo de mole´cula, las transiciones de tipo a, b o´ c de la rama P, Q o R
sera´n unas ma´s intensas que otras, dependiendo de la fuerza de la lı´nea S nm (o ma´s bien S nm·µ2nm) y del
momento dipolar involucrado en la transicio´n. Ası´, por ejemplo, en el caso de una de las mole´culas de
esta tesis, cianuro de etilo (CH3CH2CN), las transiciones tipo aR dependen ma´s de las constantes B y C,
mientras que las transiciones de tipo bQ dependen ma´s de la constante rotacional A. Este comportamiento
es va´lido para todas las mole´culas trompo-asime´tricas, y se ha de tener en cuenta para realizar las
medidas correspondientes en el laboratorio. En esas medidas de laboratorio, se han de interpretar los
espectros rotacionales buscando patrones entre las distintos tipos de transiciones rotacionales, con el fin
de establecer una pauta y poder caracterizar los niveles de energı´a de la mole´cula.
En las mole´culas trompo-asime´tricas, las distorsiones centrı´fugas de las transiciones
rotacionales hace que no se siga un patro´n constante en el espectro, las correcciones a tal efecto dependen
fuertemente de J, K− y K+. Adema´s de los efectos ocasionados por la distorsio´n centrı´fuga, puede haber
efectos causados por la resonancia de Fermi y acoplamientos de Coriolis (Kisiel et al. 2012).
Las reglas de seleccio´n para la espectroscopı´a rotacional de las mole´culas trompo-asime´tricas,
son: ∆J=0,±1 (cada J tiene (2J + 1) subniveles rotacionales discretos); µi,0 (i=a,b,c); transiciones
tipo-a: ∆K−1=0,±2 y ∆K+1=±1,±3; transiciones tipo-b: ∆K−1=∆K+1=±1,±3; transiciones tipo-c:
∆K−1=±1,±3 y ∆K+1=0,±2. Estos valores de las variaciones en los pseudonu´meros cua´nticos ∆K,
se refieren a las transiciones permitidas (ma´s intensas en negrita) para una componente del momento
dipolar determinado, a, b o´ c. Ası´, para las mole´culas trompo-asime´tricas cercanas al lı´mite prolate, las
transiciones ma´s significativas son las que ocurren cuando ∆K−1=0,±1.
3.3 Observacio´n de las COMs en el ISM
Aunque muchas mole´culas detectadas en el espacio no son corrientes en la Tierra (radicales
carbonados por ejemplo), la mayor parte de ellas son bien conocidas en los laboratorios terrestres. El
mono´xido de carbono (CO), mole´culas como el etanol (CH3CH2OH), el cianuro de hidro´geno (HCN),
o el cinuro de etilo (CH3CH2CN) son abundantes en el espacio y se encuentran con gran facilidad en la
Tierra. Sin embargo, los procesos quı´micos que dan lugar a esas especies moleculares en el espacio y en
nuestro planeta son muy diferentes.
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Desde 1937 hasta ahora (junio 2017), se han detectado cerca de 200 mole´culas en el medio
interestelar y circumestelar (de las cuales unas 5 son tentativas), y 60 mole´culas en objetos extragala´cticos
(incluyendo una tentativa). Alrededor de 1/3 de las mole´culas detectadas en el ISM son mole´culas
complejas, refirie´ndonos a aquellas ≥6 a´tomos. De todas las mole´culas detectadas en el ISM, unas 50
han sido detectadas en nuestra fuente de Orio´n-KL, a los que hay que an˜adir los isotopo´logos y estados
vibracionales, y todas son bien conocidas en diferentes procesos quı´micos en la Tierra.
Las mole´culas orga´nicas complejas se han detectado en el medio interestelar, tanto en hot cores
como en hot corinos. Ambos tipos de condensaciones (hot cores y hot corinos) tienen una composicio´n
de COMs similar. Pero las diferentes escalas de tiempo y gradientes de temperatura que les definen,
hacen que el estudio de la composicio´n quı´mica especı´fica de las COMs y sus abundancias, se puedan
utilizar para distinguir entre ciertos aspectos de la formacio´n estelar de baja y alta masa.
Las regiones de formacio´n estelar masiva, SgrB2 y Orio´n-KL se consideran las fuentes de
referencia para el estudio de las COMs. Sin embargo, la distancia a ambas es extraordinariamente
diferente, lo que hace que la cercanı´a (a unos 414 pc o´ 1300 a.l.) de la nebulosa de Orio´n-KL a
nuestro Sistema Solar, sea considerada la fuente prototipo capaz de proporcionar medidas ma´s precisas
en relacio´n a la resolucio´n espacial que se obtiene con los radiotelescopios. Por otro lado, son muchos
los objetos de similar naturaleza (hot cores) que muestran una gran variedad de COMs, como W3(H2O)
(≈2000 pc), W3 IRS5 (<3000 pc), NGC 7538 (<3000 pc), NGC 6334 (≈1300 pc), G301.12-0.20 (≈4400
pc), G31.41+0.31 (≈7900 pc), IRAS18089-1732 (≈3600 pc), entre otros. En objetos de baja masa
(hot corinos), cabe destacar la proto-estrella tipo-solar IRAS16293-2422 (≈120 pc), NGC1333-IRAS4A
(≈220 pc), entre otras fuentes.
La nube de SgrB2, es la regio´n de formacio´n estelar ma´s masiva de la Galaxia (a unos 8000
pc de nuestro Sistema Solar o 27000 a.l.), y en ella se ha encontrado la primera mole´cula orga´nica
ramificada, cianuro de isopropilo (CH3)2CHCN, un importante building block para los aminoa´cidos
(Belloche et al. 2014). Por el momento, la mole´cula orga´nica ma´s compleja detectada en el espacio
(concretamente en SgrB2) es el cianuro de n-propilo (n-CH3CH2CH2CN). La mole´cula de etil metil e´ter
(CH3CH2OCH3), ha sido recientemente detectada en el espacio (concretamente en Orion-KL, Tercero
et al. 2015).
Mole´culas prebio´ticas
Son aquellas mole´culas relacionadas con una Quı´mica Prebio´tica o con el origen de la vida
(building blocks), puesto que pueden ser consideradas los escalones intermedios con probabilidad de
conducir a mole´culas como el ADN, los aminoa´cidos o los azu´cares. Las primeras que se detectaron
fueron hacia el centro gala´ctico, SgrB2(N): glicolaldehı´do CH2OHCHO (Hollis 2000), etilenglicol
OHCH2CH2OH (Hollis et al. 2002), cianuro de vinilo CH2CHCN (Gardner and Winnewisser 1975),
acetamida CH3CONH2 (Hollis et al. 2006), aminoacetonitrilo NH2CH2CN (Belloche et al. 2008),
cianuro de isopropilo (CH3)2CHCN (Belloche et al. 2014). De todas estas mole´culas, la del cianuro
de isopropilo es la u´nica mole´cula orga´nica ramificada, cuya deteccio´n despierta posibles indicios acerca
de la presencia de aminoa´cidos en el ISM (H2N-CHR-COOH), a causa de la naturaleza ramificada de la
cadena lateral R (radical isopropil, (CH3)2CH−).
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En discos protoplanetarios se habı´an detectado mole´culas simples, pero el interfero´metro
ALMA es capaz de acceder a la tenue radiacio´n que nos llega de las lı´neas espectrales de mole´culas
orga´nicas ma´s complejas. De hecho, la abundancia de mole´culas como CH3CN, HC3N y HCN,
detectadas en el disco protoplanetario de la estrella MWC 480 (de unas dos veces la masa solar, en la
regio´n de formacio´n estelar de Tauro a unos 455 a.l.), revelan una alta tasa de eficiencia en la formacio´n
de COMs en discos protoplanetarios alrededor de estrellas jo´venes en escalas de tiempo cortas, lo cual
permite que puedan sobrevivir en cometas u otros cuerpos helados del sistema protoplanetario ( ¨Oberg
et al. 2015). Walsh et al. (2014) llevaron a cabo una modelizacio´n que incluı´a una red quı´mica ana´loga
a la de los hot cores (en cuanto a reacciones en superficie sobre los granos de polvo, en fase gas e
interacciones entre los granos de polvo), y concluyeron que las COMs (como CH3CHO, CH3CH2OH,
CH3OCH3, CH3COCH3, CH3COOH, etc) son eficientemente formadas sobre los mantos de los granos
de polvo, bajo las condiciones fisico-quı´micas del plano medio del disco protoplanetario mediante
reacciones de superficie, y despue´s son liberadas a la fase gas mediante procesos de desorcio´n no-
te´rmicos (fotodesorcio´n y/o rayos co´smicos).
Mole´culas en nu´cleos frı´os y envolturas circumestelares de estrellas evolucionadas
En estos entornos predominan mole´culas de naturaleza exo´tica: aquellas que no encontramos
de manera estable en la Tierra, como radicales (ver por ej. Cernicharo et al. 2004). Las cadenas
carbonadas cianopoliinos (HCnN, n=3-5,7,9) y los carbinos poliinos (CnH, n=2-6,8) se detectan en
entornos frı´os y en las envolturas circumestelares de estrellas evolucionadas. TMC-1 (Taurus Molecular
Cloud, Ohishi and Kaifu 1998, Smith et al. 2004) es una nube oscura frı´a (≈10 K) donde se han observado
este tipo de mole´culas de estructura insaturada, ası´ como en la envoltura circumestelar de la estrella
evolucionada AGB rica en carbono IRC+10216 (Kawaguchi et al. 1995). Aunque no abundan, tambie´n
se encuentran especies moleculares saturadas (Remijan et al. 2005), como el metanol o el acetaldehı´do.
El cianopoliino ma´s largo detectado en el espacio es el HC11N (Bell et al. 1997). Adema´s los
aniones de cadena carbonada (CnH−), como aquellos con n=4 (Cernicharo et al. 2007), 6 (McCarthy
et al. 2006), 8 (Bru¨nken et al. 2007), se han detectado en este tipo de regiones. Los entornos de TMC-1
y las capas ma´s externas de IRC+10216, parecen tener un inventario molecular similar (Olofsson 2005),
ası´ como el de la nebulosa protoplanetaria CRL 618 (Pardo et al. 2007).
Mole´culas complejas en PDRs
Las regiones de fotodisociacio´n (PDRs, Photodissociation Regions or Photon-Dominated
Regions por sus siglas en ingle´s) son el u´nico entorno del ISM de gas molecular denso, donde la robusta
mole´cula de CO es fotodisociada. En estas regiones, se da uno de los procesos de calentamiento ma´s
relevante del medio interestelar, el calentamiento fotoele´ctrico. Las PDRs son la interfase entre las
regiones frı´as y neutras, y las expuestas directamente a la radiacio´n UV, en las que se desarrolla una
fotoquı´mica capaz de destruir una buena parte de las mole´culas, pero tambie´n de formar otras especies
complejas (Cernicharo et al. 2004). Esta quı´mica se basa en mole´culas fotodisociadas (potenciales de
ionizacio´n< 13.6 eV) en escalas de tiempo tan ra´pidas (<1 yr) que incluso pueden llegar a ser calentadas
a temperaturas cercanas a los 103 K, de modo que, adema´s de los vibracionales, se pueden excitar
los niveles electro´nicos, dando lugar a reacciones endote´rmicas con relativa facilidad. En general, las
mole´culas simples e iones caracterı´sticos de las PDRs, son CO+, HCO+, CH+, C3H+, HCN+, H2CO+,
CS+, HCN, CS, HCO, etc, aunque tambie´n existen mole´culas COMs como CH3CN. En la PDR de la
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cabeza de caballo en Orio´n las temperaturas son bastante bajas (20-30 K), lo cual implica una quı´mica
basada en reacciones de desorcio´n no te´rmicas. Aunque hay mole´culas orga´nicas tan complejas como
en los hot cores o hot corinos, se han detectado COMS en esta fuente tales como HCOOH, CH2CO,
CH3CHO y CH3CCH (Guzma´n et al. 2014, Cuadrado 2017 in prep.).
Mole´culas en nubes difusas
Este tipo de nubes esta´n expuestas a radiacio´n UV estelar, pero en el interior de las mismas
el gas esta´ algo ma´s protegido del campo de radiacio´n, permitiendo la presencia de mole´culas simples
como H2, CO, OH, CN, CH+, entre otras.
Mole´culas en outflows
Los outflows son los flujos de gas procedentes de estrellas en formacio´n, albergan una quı´mica
de alta temperatura producida por los choques entre el outflow y el gas ambiente (shocked gas en ingle´s).
CH3OH, en las cercanı´as de YSOs de baja masa, es una mole´cula que posee una abundancia mayor que
en los nu´cleos frı´os (Bachiller et al. 1995, Jørgensen et al. 2004).
Tambie´n se han encontrado las mole´culas complejas de CH3OCOH y CH3CH2OH hacia la
posicio´n del pico B1, en el lo´bulo del outflow protoestelar L1157 con una abundancia, relativa a CH3OH,
comparable a aquella encontrada en hot cores y en nubes del centro gala´ctico (Arce et al. 2008).
Mole´culas complejas extragala´cticas
Aproxima´damente, son 60 las mole´culas detectadas hasta la fecha en fuentes extragala´cticas.
Las mole´culas ma´s complejas encontradas en galaxias externas, hasta el momento, esta´n constituidas por
7 a´tomos: metil acetileno CH3CCH (Mauersberger et al. 1991), y metilamina CH3NH2 y formaldehı´do
CH3CHO (Mu¨ller et al. 2011).
Mole´culas a alto redshift
Hace unos 20 an˜os, la tecnologı´a permitı´a acceder al conocimiento del espacio a unos 6×109 yr
despue´s del Big-Bang, lo que equivale a un redshift z≈1. Sin embargo, actualmente somo capaces de
explorar el Universo alcanzando un redshift z>7, es decir, cerca de unos 800×106 yr despue´s del Big-
Bang. Aunque, la galaxia ma´s lejana detectada hasta el momento, EGS8p7, se acerca a unos 700×106 yr
despue´s del Big-Bang (z≈8.68, Lyα). Los datos proporcionados por radiotelescopios de alta sensibilidad,
como ALMA, podra´n llevarnos a trazar el gas molecular de galaxias cada vez ma´s lejanas.
3.4 Reacciones moleculares: Quı´mica interestelar
En el Capı´tulo 5, podemos ver los casos particulares de las reacciones quı´micas con las
mole´culas interestelares observadas en este trabajo. La deteccio´n de nuevas especies en el medio
interestelar nos aporta informacio´n acerca de los posibles mecanismos de formacio´n/destruccio´n de
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Figura 3.4: Sistemas planetarios
en formacio´n en la nebulosa de Orio´n (Fuente: http://apod.nasa.gov/). Muchos de los discos
proto-planetarios en formacio´n posiblemente evolucionara´n hasta llegar a formar planetas.
mole´culas, con el fin de completar la intrincada red de rutas quı´micas interestelares. Adema´s, los mapas
de emisio´n de las lı´neas rotacionales de las mole´culas de la regio´n astrofı´sica, nos ayudara´ a deducir los
reactantes ma´s probables implicados en la obtencio´n de las especies moleculares presentes en el medio
interestelar.
Figura 3.5: Mecanismos de reaccio´n principales en astroquı´mica (Ehrenfreund et al. 2005; Fraser et al.
2002).
Las condiciones de baja presio´n, temperatura y densidad se corresponden con una quı´mica frı´a
en la que las reacciones tienen lugar gracias a las extensas escalas de tiempo de vida de las nubes (≈107
an˜os). Dependiendo del entorno en el que nos encontremos, dominara´n unas reacciones u otras. La
principales reacciones que se producen en las nubes moleculares son reacciones de recombinacio´n, de
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fotodisociacio´n, reaccio´n neutro-neutro, reaccio´n io´n-mole´cula, ionizacio´n por rayos co´smicos, etc (ver
Fig. 3.5). La comprensio´n de las reacciones que ocurren en el medio interestelar, nos aporta una valiosa
informacio´n acerca del tipo de quı´mica que esta´ aconteciendo en cada entorno astrofı´sico (regiones de
formacio´n estelar, envolturas circumestelares, atmo´sferas planetarias,...).
Hay que destacar el importante papel que tiene el polvo interestelar, ya que proteje al gas de la
radiacio´n UV y actu´a de catalizador, permitiendo una mayor complejidad en los procesos quı´micos y la
formacio´n de COMs (ver fig. 3.5).
A continuacio´n, se describen brevemente las reacciones significativas en el marco de nuestra
fuente de hot core, tomando como guı´a Duley and Williams 1984.
En las colisiones io´n(A+)-mole´cula(BC) (o io´n-neutro), el campo ele´ctrico del io´n induce un
dipolo ele´ctrico en la mole´cula producie´ndose una fuerza de atraccio´n entre ambos, cuyo potencial de
interaccio´n depende de la polarizabilidad de la mole´cula (α), la cual depende linealmente del momento
dipolar inducido. Estas reacciones pueden ser de transferencia de proto´n, abstraccio´n, inserccio´n y
condensacio´n de hidro´geno, de transferencia de carga (como por ejemplo CO+ + CH4 → CO + CH4+).
A+ + BC → AB+ + C
En las colisiones neutro(A)-neutro(BC), ambas partı´culas se inducen mutuamente un dipolo
ele´ctrico al interaccionar, producie´ndose una fuerza de atraccio´n (mediante fuerzas de van der Waals)
entre ambas y cuyo potencial de interaccio´n depende de la polarizabilidad de ambas especies implicadas.
La mayor parte de las reacciones neutro-neutro dependen de la temperatura, ya que suelen poseer energı´as
de activacio´n.
A + BC → AB + C
Hay procesos quı´micos en los que las partı´culas implicadas (A y B) interaccionan, y se genera
un estado excitado intermedio (AB*) que puede decaer radiativamente a la especie AB (las reacciones
a 3 cuerpos que podrı´an estabilizar a la especie AB* no son eficaces en las condiciones de densidad del
medio interestelar). A este proceso se llama asociacio´n radiativa.
A + B → AB* → AB + hν (r. asociacio´n radiativa)
En el medio interestelar es muy probable tener especies cargadas positivamente (AB+ o ABC+)
que terminan interaccionando con un electro´n, en lo que se conoce como recombinacio´n radiativa;
o bien, rompiendo enlaces y obteniendo especies ma´s simples, es decir, mediante recombinacio´n
disociativa. Ambos procesos son dependientes de las condiciones de temperatura del entorno.
AB+ + e− → AB + hν (r. recombinacio´n radiativa)
ABC+ + e− → A + BC (r. recombinacio´n disociativa)
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Reacciones interestelares dominantes en el ISM
En quı´mica de superficie dominan tres tipos de mecanismos: Langmuir-Hinshelwood (o de
difusio´n), Eley-Rideal, y el hot atom o a´tomo caliente (Herbst and Van Dishoeck 2009). El primero de
ellos, es el ma´s ampliamente estudiado e incluido en los modelos de astroquı´mica (Kolasinski 2012).
En el mecanismo de Langmuir-Hinshelwood, la difusio´n ocurre por efecto tu´nel o salto te´rmico sobre la
barrera de energı´a potencial entre centros o lugares de unio´n/enlace por parte de a´tomos y radicales, que
al caer en el mismo mı´nimo, reaccionan liberando el exceso de energı´a. En el mecanismo de Eley-Rideal,
las especies de la fase gas se adsorben sobre un a´tomo o radical de la superficie del polvo y reacciona
con e´l. Y en el mecanismo de a´tomo caliente (una variante del mecanismo de Eley-Rideal), las especies
de la fase gas se adsorben sobre la superficie del polvo y se mueven antes de que se haya termalizado
para colisionar con el a´tomo o el radical que encuentren (Herbst 2002; Herbst and Van Dishoeck 2009).
Los feno´menos de fisisorcio´n y quimisorcio´n que ocurren sobre la superficie de los granos de
polvo, dependen de su composicio´n y su temperatura, para contribuir a la formacio´n de los mantos de
hielo sobre sus superficies. La fisisorcio´n sobre la superficie de los granos de polvo ocurre mediante las
fuerzas de van der Waals. La quimisorcio´n ocurre a trave´s de enlaces quı´micos.
Para determinar las reacciones dominantes en fase gas, vamos a explicar la formacio´n de las
COMs en nuestro contexto, los hot cores (ver Sec. 3.5).
3.4.1 Algunos precursores para la formacio´n de las mole´culas interestelares
Papel del H2
Toda la quı´mica que tiene lugar en el medio interestelar, adema´s de los granos de polvo,
actuando como catalizadores y protectores esenciales, depende de la presencia del hidro´geno molecular
(H2). La mole´cula ma´s abundante del Universo, el hidro´geno molecular (H2), antes de encontrarse en la
fase gase, es eficientemente formada sobre la superficie de los granos de polvo.
Respecto a la deteccio´n de la mole´cula de H2, debido a que no posee momento dipolar
permanente (µ=0), carece de transiciones dipolares ele´ctricas. Esta especie tan dominante en el medio
interestelar puede ser detectada mediante sus transiciones cuadrupolares ele´ctricas, ası´ como mediante
su espectro de rotacio´n-vibracio´n (Herbst 2001). Por este motivo, la distribucio´n del gas en la Galaxia se
traza mediante el segundo gas ma´s abundante en el medio interestelar, el mono´xido de carbono (CO).
Papel de H+3
El catio´n trihidro´geno o hidro´geno molecular protonado (H+3 ) serı´a la segunda mole´cula ma´s
abundante del ISM, sin embargo su presencia es efı´mera debido a que reacciona inmediatamente con
a´tomos de O y C, actuando, de ese modo como iniciador de las reacciones io´n-mole´cula en las nubes
moleculares. Una vez que se forma el H+2 por efecto de los rayos co´smicos, ra´pidamente se forma el
H+3 , resultado de la interaccio´n del H
+
2 con H2; H
+
3 puede reaccionar con otras especies diferentes a las
mole´culas de H2, principalmente mediante reacciones io´n-neutro para dar lugar a especies protonadas
(Herbst 2001).
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Papel del CH3OH
La acrecio´n del CO (formado en la fase gas) sobre los granos de polvo puede llevar a cabo
una secuencia de reacciones, pasando por la produccio´n de formaldehı´do (H2CO), que conducen a
CH3OH tras su hidrogenacio´n, una mole´cula compleja que favorece la formacio´n de mole´culas au´n ma´s
complejas, como el dimetil e´ter (CH3OCH3) y el formiato de metilo (CH3OCOH) (ver por ej. Garrod
and Herbst 2006). Sin embargo, la quı´mica previa a la formacio´n de la mole´cula de CH3OH marcara´ la
sı´ntesis de un tipo de mole´culas u otras bajo las condiciones fı´sicas de las diferentes componentes de la
nube, un feno´meno que influira´ en la diferenciacio´n quı´mica observada en nuestra fuente de Orio´n-KL.
De este modo, el hot core, caracterizado por mole´culas esencialmente nitrogenadas, y el compact ridge,
dominado por especies que contienen oxı´geno, reflejan esa diferenciacio´n. Es posible que la mayor
temperatura del gas y del polvo (superficie de los granos) para el caso del hot core, implique que las
especies se enlazan de´bilmente a los granos de polvo, con lo que no permanecen el tiempo suficiente
para reaccionar (Caselli et al. 1993). La menor temperatura para el caso del compact ridge, hace que
se obtengan especies ma´s pesadas que permanecen sobre los granos de polvo y reaccionan con otras
especies (Caselli et al. 1993).
3.4.2 Reacciones te´rmicas y no-te´rmicas
Los CRs se asocian principalmente a explosiones de supernovas, y son una fuente de ionizacio´n
principal en las nubes moleculares.
La fraccio´n de ionizacio´n controla la quı´mica de las nubes moleculares y el acoplamiento
del gas con el campo magne´tico, por lo que los CRs contribuyen a la dina´mica del ISM favoreciendo
la evolucio´n del gas molecular. Adema´s, los CRs representan una importante fuente de calor para las
nubes moleculares, debido a que la energı´a de los electrones primarios y secundarios producidos por el
proceso de ionizacio´n, se convierte en gran parte en calor por colisiones inela´sticas con los a´tomos y las
mole´culas del ISM. Los CRs no so´lo ionizan el gas de las nubes (a´tomos y mole´culas), sino que tambie´n
rompen enlaces quı´micos. La ionizacio´n por parte de los CRs, hace que el gas de las nubes moleculares
se caliente como consecuencia de la transferencia de energı´a a los electrones eyectados. Adema´s, unido
a que los fotones secundarios (γ-R, electro´n-positro´n, neutrinos) producidos por los CRs conllevan a la
fotoionizacio´n e ionizacio´n del gas, hace que se se mantenga una tasa de ionizacio´n considerable (Viti
et al. 2013).
La tasa de ionizacio´n inducida por rayos co´smicos, es del orden de los ≈10−16−10−17 s−1
(Padovani et al. 2009). Las pruebas directas de las tasas de ionizacio´n en nubes densas, son las mole´culas
de HCO+ y H3+. La fraccio´n de ionizacio´n es un para´metro fundamental a la hora de distinguir los
diferentes regı´menes que ocurren en el medio interestelar.
La importancia de la presencia de los CRs resulta evidente, especialmente si nos centramos en
las reacciones io´n-mole´cula desencadenadas por mole´culas simples como H2+ o H3+, las cuales son las
responsables de la sı´ntesis de mole´culas ma´s complejas en el ISM.
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3.4.3 Velocidad de la reaccio´n
La mayorı´a de las reacciones (tanto reversibles con unidireccionales) esta´n regidas por las
tasas de los coeficientes de la reaccio´n, o tambie´n llamada constante de velocidad (k) segu´n la Ley
de Arrhenius, k=A(T ) exp(−Ea/kBT ) (donde k esta´ en unidades de cm3·s−1, A(T ) es el factor pre-
exponencial o de frecuencia de colisiones de los reactivos, que es dependiente de la temperatura; Ea
es la energı´a de activacio´n en J·molecula−1; kB es la constante de Boltzman en JK−1). En las nubes
densas con unas temperaturas de unos 10 K, las reacciones con Ea (o barrera de activacio´n) no ocurren
de manera eficiente.
La mayorı´a de las reacciones exote´rmicas io´n-mole´cula no tienen barrera de activacio´n,
suelen regirse por la ecuacio´n de Langevin, kion−molecule = 2pie(α/µ)1/2 (donde e, carga electro´nica;
α, polarizabilidad; µ, masa reducida de los reactivos), cuyo valor es mayor cuando la mole´cula es de
naturaleza polar. Los intervalos de tiempo entre las colisiones de mole´culas en el ISM suelen ser grandes,
pero au´n ası´ dichas colisiones generan una quı´mica interestelar. Los rangos de valores tı´picos de k en
funcio´n de la regio´n del ISM −especialmente en nubes oscuras y regiones de formacio´n estelar− adquiere
los siguientes valores (Caselli 2005):
k (io´n-mole´cula): 10−9 cm3 s−1
k (neutro-neutro): 10−12-10−10 cm3 s−1
k (recombinacio´n disociativa): 10−6 cm3 s−1
k (asociacio´n radiativa): 10−16-10−9 cm3 s−1
k (fotodisociacio´n): 10−9 cm3 s−1
k (transferencia de carga): 10−9 cm3 s−1
Las reacciones io´n-mole´cula son considerablemente ma´s eficientes produciendo mole´culas en
el ISM que las reacciones neutro-neutro.
3.5 Formacio´n de las COMs en los hot cores
Los escenarios propuestos para la formacio´n de COMs en los hot cores, presentan etapas
previas de formacio´n de los nu´cleos pre-estelares frı´os (≈10 K), en los que los a´tomos y las mole´culas
formadas en fase gas, condensan sobre la superficie de los granos de polvo para producir especies
moleculares ma´s complejas mediante hidrogenacio´n (Bacmann and Faure 2014).
Es de esperar que las COMs no se formen en las fases previas de la formacio´n de los hot cores,
es decir, en el caso de los nu´cleos pre-estelares, puesto que las condiciones de temperatura son muy bajas,
≈10 K (Bacmann and Faure 2014), a excepcio´n del metanol, CH3OH (Friberg et al. 1988; Tafalla et al.
2006). Sin embargo, la presencia de mole´culas orga´nicas con oxı´geno, tales como CH3CHO, CH3OCH3,
CH3OCOH, en frı´os nu´cleos pre-estelares dominadas por bajas energı´as te´rmicas, indican que este tipo
de mole´culas de naturaleza terrestre no son u´nicas de los hot cores o hot corinos (Cernicharo et al. 2012;
Bacmann et al. 2012).
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A raı´z de encontrar COMs en nubes frı´as, se ha desarrollado el estudio de nuevas rutas quı´micas
para los mecanismos de formacio´n de mole´culas en fase gas (Vasyunin and Herbst 2013). Estos u´ltimos
autores, proponen un escenario en el que mole´culas precursoras como metanol (CH3OH), radical metoxi
(CH3O) y formaldehı´do (H2CO), se desorben de los mantos de hielo de modo no-te´rmico mediante
desorcion reactiva, un proceso en el que parte de la energı´a exote´rmica procedente de las reacciones
quı´micas sobre la superficie de los granos, se utiliza como energı´a cine´tica para la ruptura del enlace
entre el producto y el hielo. Posteriormente, se desencadenara´n las reacciones en fase gas para obtener
las COMs.
Una vez se ha formado la proto-estrella, la evaporacio´n de los mantos de hielo desarrolla una
quı´mica rica y compleja en fase gas (quı´mica de hot core/hot corino), ı´ntimamente relacionada con los
procesos de la quı´mica de superficie de los granos de polvo en la etapa precedente.
La diferencia entre los objetos estelares jo´venes de baja masa y aquellos masivos, radica en
que estos u´ltimos cubren una mayor fraccio´n de la envoltura a una temperatura ma´s alta, y adema´s los
nu´cleos pueden estar siendo calentados por estrellas jo´venes cercanas (van Dishoeck and Blake 1998).
El proceso de desorcio´n o evaporacio´n de los mantos de hielo alrededor de las proto-estrellas, ocurre de
manera ma´s eficiente para las especies vola´tiles que han constituido la capa de hielo sobre los granos de
polvo (CO, O2, N2, CO2), formadas a mayores densidades, que la capa de hielo constituida por especies
polares (H2O, CH4, NH3), las cuales fueron antes condensadas sobre los hielos (van Dishoeck and Blake
1998). Desde las observaciones en el IR de Willner et al. (1982), la composicio´n de los mantos de hielo
en las envolturas de los YSOs masivos ha sido estudiada con ma´s detalle que para aquellos de baja masa,
dada la dificultad de encontrar fuentes infrarrojas brillantes en este caso.
3.5.1 Modelos de quı´mica
UMIST Database for Astrochemistry (UDfA 2012) es una base de datos consistente en
modelos de quı´mica, asociados a una base de datos de reacciones quı´micas. UDfA contiene un conjunto
de 6173 reacciones en fase gas, que involucra 467 especies. Adema´s, incluye 1171 reacciones que
implican aniones y todas las tasas de los fotones (”photorates”) actualizadas y revisadas. Todas las tasas
de fotodisociacio´n de las reacciones, se han actualizado en esta base de datos. Tambie´n considera las
tasas de los coeficientes de reacciones deuteradas especı´ficos de cada estado de espı´n del H2, reacciones
de intercambio de deuterio y una lista de energı´as de enlace de superficie para muchas especies neutras.
Las tasas de los coeficientes de la reaccio´n comprenden un amplio rango de temperaturas: ≤10 K (nu´cleos
preestelares), ≈102 K (nu´cleos moleculares calientes), ≈103 K (gas post-choque).
Debido a que existe mucha incertidumbre asociada a la quı´mica de superficie relacionada
con los granos de polvo, la base de datos UDfA so´lo considera reacciones en fase gas. Los datos y
co´digos asociados a este entramado de reacciones se puede encontrar en http://www.udfa.net. La
modelizacio´n quı´mica se aplica a una nube oscura y a la envoltura rica en carbono de una estrella AGB,
sin embargo, se puede usar en un amplio rango de entornos astrofı´sicos. Ası´, los nu´cleos moleculares
calientes se pueden modelizar incluyendo quı´mica de superficie sobre los granos de polvo. Es interesante
destacar que los primeros modelos de quı´mica para los hot cores fueron desarrollados por Brown et al.
en 1988. La versio´n ma´s actualizada para la base de datos que incluye las propiedades cine´ticas para
la red de reacciones entre especies de intere´s en astroquı´mica, KInetic Database for Astrochemistry se
Capı´tulo 3: Mole´culas orga´nicas complejas interestelares 47
encuentra en la web: http://kida.obs.u-bordeaux1.fr/ (KIDA, Wakelam et al. 2015).
3.6 Polvo interestelar y quı´mica
El polvo interestelar en las fases finales de las estrellas, conforma´ndose en base a los elementos
pesados que se generan en las recciones nucleares estelares (Mg, Fe, C, Si,...). El polvo interestelar puede
proceder del material eyectado de estrellas de la rama asinto´tica de las gigantes, bien aquellas ricas en
carbono o bien en oxı´geno, de modo que la composicio´n de los granos de polvo varı´a en funcio´n de
la naturaleza de la estrella (ver por ej. Gail and Sedlmayr 1986, 1987; Mathis 1990; Sedlmayr 1994).
La masa de nuestra Galaxia se constituye en un 20-30% de gas y polvo interestelar. Este u´ltimo, se
corresponde con una fraccio´n muy pequen˜a, pues apenas constituye el 1% de la materia interestelar, pero
resulta en un elemento esencial para la quı´mica interestelar y la formacio´n de estrellas y planetas (ver
por ej. Charnley et al. 1992; Ehrenfreund and Charnley 2000).
Los granos de polvo contribuyen en gran medida a la refrigeracio´n de la nube, incluso antes
de que esta llegue a ser densa. De hecho, es el principal sistema refrigerante (ver por ej. Bodenheimer
2011).
3.6.1 Escala de tiempo de colisio´n de las mole´culas con los granos de polvo
Dentro de las nubes, el tiempo de colisio´n de las mole´culas con los granos de polvo es del
orden de los 105 an˜os (en densidades tı´picas de nH=104 cm−3 (Schutte et al. 1996, Schutte and Greenberg
1991). Para Tgranos≈10 K, las mole´culas y a´tomos ma´s pesados que He se pegara´n (”stick”) a los granos
de polvo con una eficiencia de cerca del 100%. De este modo, el polvo tiene una mezcla de especies que
van formando su manto de hielo (Schutte et al. 1996).
3.6.2 Composicio´n quı´mica de los granos de polvo
La espectroscopı´a en el rango de longitudes de onda del IR, revela la composicio´n quı´mica de
los granos de polvo basa´ndonos en las transiciones vibracionales de las mole´culas presentes en los granos
de polvo (nu´cleo + manto de hielo). Dichos modos vibracionales aparecen en absorcio´n en el caso de
las nubes moleculares. Los mantos de hielo de los granos de polvo envuelven, nu´cleos de silicatos o
materiales carbona´ceos en funcio´n de su procedencia.
El tiempo que tarda el ISM en destruir los granos de polvo es relativamente corto, por lo
que la poblacio´n de granos de estructura amorfa es significativamente mayor que aquellos de estructura
cristalina, los cuales requieren de temperaturas elevadas. Los granos de polvo que proceden de estrellas
ricas en oxı´geno suelen tener una naturaleza silicatada con materiales como las olivinas10. Estos cristales
diminutos, adema´s de encontrarse en el polvo cometario y en estrellas evolucionadas (gigantes rojas y
nebulosas planetarias), se han observado en discos proto-planetarios, concretamente en la envoltura de
un sistema estelar jo´ven constituido por un objeto a medio camino entre enana marro´n y planeta gigante
en la constelacio´n de Camaleo´n (HD 100546, Acke and van den Ancker 2006) (ver por ejemplo Huss
10La estequiometrı´a de la olivina es (Mg,Fe)2SiO4, cuya composicio´n esta´ basada en los minerales fosferita (Mg2SiO4) y
fayalita (Fe2SiO4)
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et al. 2001; Bouwman et al. 2003).
Los materiales carbona´ceos, procedentes de estrellas ricas en carbono, pueden presentarse
en forma de Hidrocarburos Policı´clicos Aroma´ticos, carbonos amorfos hidrogenados, hidrocarburos
alifa´ticos, o incluso en su forma cristalina como diamantes o grafitos.
PAHs: diminutos granos de polvo carbona´ceos
Los Hidrocarburos Policı´clicos Aroma´ticos (PAHs, ”Policiclic Aromatic Hydrocarbons” por
sus siglas en ingle´s) son considerados otro tipo de granos de polvo (carbona´ceos) aunque de menor
taman˜o. Los PAHs son mole´culas constituidas por anillos aroma´ticos (benceno, como unidad ba´sica) y
tienen bandas de emisio´n en 3.3, 6.2, 7.7, 8.6 µm (Gillett et al. 1973; Russell et al. 1977). De hecho,
la banda 7.7 µm es un trazador de SFR’s (”Star Forming Regions”). Su espectro, en funcio´n de la fase
del ISM en la que se encuentra (frı´a, caliente, templada,...), abarca el dominio de las ondas IR y mm.
Dicho espectro permite obtener principalmente abundancias y carga ele´ctrica de los PAHs en el ISM
(Guessoum et al. 2010).
Estos compuestos se suelen encontrar asociados a las interfases entre un medio difuso y un
medio denso (pues son generados en regiones de fotodisociacio´n), en las nebulosas planetarias (PNs),
en Regiones HII y en AGNs. Se observan los modos vibracionales que son debidos a la presencia de
uniones C-C y C-H.
3.6.3 Manto de hielo de los granos de polvo
Los mantos de hielo de los granos de polvo se corresponden con la envoltura que se desarrolla
alrededor de ellos, y representa la interfase transitoria entre la fase so´lida y la fase gas. Su presencia
se confirma por las caracterı´sticas espectrales de absorcio´n procedentes de las nubes densas del ISM,
debidas principalmente a hielos de H2O, CO, CO2 y CH3OH (Herbst 2001).
Gibb et al. 2004 mostraron la composicio´n quı´mica de los mantos de hielos de los granos de
polvo (que ba´sicamente contienen H2O, CO, CO2, CH3OH, y CH4) perteneciente a diversas fuentes
(objetos jo´venes de alta y baja masa en nubes oscuras y difusas) con el espectro´metro del telescopio ISO
(Infrared Space Observatory por sus siglas en ingle´s), en la que se han identificado, entre otras, mole´culas
de OCS, H2CO, and HCOOH. La evolucio´n quı´mica de los mantos de hielo, ası´ como la temperaura de
los granos y el campo de radiacio´n en la nube molecular, determinara´n la composicio´n y estructura de
los hielos (Watanabe et al. 2007). La acrecio´n de mole´culas en fase gas sobre la superficie de los granos
de polvo, ası´ como procesos fotoquı´micos in-situ, tambie´n contribuyen a definir la composicio´n de los
granos (Allamandola et al. 1999). Los mantos de hielo estara´n constituidos esencialmente por mole´culas
simples, sin embargo, la irradiacio´n y los procesos te´rmicos a los que puedan estar sometidos, inducira´n
a la produccio´n de mole´culas ma´s complejas (Allamandola et al. 1999).
La dependencia de la composicio´n quı´mica de los mantos de hielo con el entorno astrofı´sico,
se hace evidente en las diferentes caracterı´sticas espectrales que se muestran en el UV con la banda ancha
de absorcio´n a 217.5 nm, debida a los granos de polvo carbona´ceos en las nubes difusas, y en el IR con
las bandas de absorcio´n/emisio´n de los silicatos a 10 y 20 µm tı´picas de regiones calientes. Estas bandas
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aparecen en absorcio´n en regiones frı´as (Herbst 2001). Los hielos polares, dominados por hielos de H2O,
se evaporan generalmente alrededor de los 90 K bajo las condiciones del entorno y pueden sobrevivir en
regiones calientes cerca de la estrella (Ehrenfreund and Charnley 2000; Tielens and Whittet 1997).
Capı´tulo 4
Metodologı´a: Radioastronomı´a y
Laboratorio
A comienzos del siglo XX, la radioastronomı´a dio sus primeros pasos con la bu´squeda de
interferencias en las radiotransmisiones transatla´nticas por parte del fı´sico e ingeniero estadounidense
Karl Guthe Jansky (nombre que recibe la unidad de intensidad de la radiacio´n en su honor, Jy), pues
descubrio´ sen˜ales procedentes del centro de nuestra Galaxia. Posteriormente, el ingeniero Grote Reber
continuo´ con el trabajo de Jansky observando el espacio con un radiotelescopio casero de 9 m de
dia´metro y, ma´s tarde, Martin Ryle desarrollo´ la te´cnica de sı´ntesis de apertura que permite llevar a
cabo observaciones interferome´tricas, con muy alta resolucio´n angular.
Es necesario remarcar que la radioastronomı´a es una herramienta fundamental, no so´lo para el
estudio de las mole´culas interestelares, sino para la investigacio´n de las galaxias ma´s lejenas del universo
conocido, la materia oscura, la radiacio´n de fondo co´smico, ası´ como para todos los dema´s objetos
astrono´micos, como por ejemplo los planetas del Sistema Solar. Adema´s, las mole´culas interestelares
no nos informan u´nicamente de las condiciones fisico-quı´micas del gas, sino tambie´n de la radiacio´n
de fondo, la radiacio´n infrarroja ambiente o el campo UV gala´ctico (Cernicharo et al. 1999). En la
investigacio´n de las mole´culas interestelares, la radioastronomı´a se vale de las lı´neas espectrales de
mole´culas en fase gas procedentes de la regio´n astrofı´sica de intere´s, las cuales experimentan procesos
de relajacio´n o excitacio´n desde distintos niveles de energı´a.
En este capı´tulo, se presentan los me´todos y te´cnicas utilizadas para el ana´lisis y produccio´n
de los resultados presentados en esta tesis. En lı´neas generales, podemos resumir el procedimiento de
obtencio´n de resultados segu´n las siguientes etapas:
• Observacio´n de la fuente astrofı´sica de intere´s.
• Reduccio´n de los datos observacionales.
• Ana´lisis y modelizacio´n astrofı´sica.
• Trabajo de laboratorio.
Los artı´culos presentados en esta tesis se basan, principalmente, en ana´lisis de los datos
obtenidos del barrido espectral de Orio´n-IRc2 (en el complejo Orio´n-KL) con el radiotelescopio de
IRAM-30 m (Tercero et al. 2010; Tercero). En este barrido espectral se han detectado alrededor de 16
000 caracterı´sticas espectrales correspondientes a unas 40 mole´culas y a ma´s de 200 especies diferentes
(teniendo en cuenta distintos isotopo´logos y estados vibracionalmemte excitados). Sin embargo, durante
las primeras fases del ana´lisis de este barrido espectral, muchas de las lı´neas detectadas (alrededor de
8 000) no pudieron identificarse con ninguna especie conocida, principalmente porque las frecuencias
a las que aparecen las transiciones de un gran nu´mero de isotopo´logos y estado excitados de especies
abundantes en nuestra fuente eran desconocidas. Esta incertidumbre en la asignacio´n de un nu´mero
tan elevado de lı´neas, suponı´a una fuerte limitacio´n para poder llevar a cabo un ana´lisis profundo del
objeto de estudio. Por este motivo, se inicio´ una estrecha colaboracio´n con expertos en el a´mbito de
la espectroscopı´a molecular, con el fin de poder identificar estas lı´neas. Cerca de 2 000 lı´neas fueron
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identificadas gracias a estas colaboraciones (ver Tercero) en las que se estudio´ en el laboratorio los
isotopo´logos principales de formiato de metilo (CH3OCOH) y de cianuro de etilo (CH3CH2CN). Este
trabajo supuso la primera deteccio´n en el espacio de 9 especies diferentes y, gracias a ello, se logro´
un ana´lisis ma´s profundo de la regio´n Orio´n-KL. Por otro lado, dado el gran nu´mero de caracterı´sticas
espectrales presentes en el estudio, se procedio´ al ana´lisis en base a distintas familias moleculares. Los
primeros trabajos fueron dedicados a las mole´culas que presentaban el grupo −CS (Tercero et al. 2010)
y las que contenı´an Si (Tercero et al. 2011).
En esta tesis y puesto que todavı´a existı´an gran cantidad de lı´neas sin identificar y de especies
moleculares sin analizar, se ha tratado de dar continuidad a este trabajo. Por un lado, se ha continuado
trabajando con los laboratorios de espectroscopı´a molecular para lograr identificar nuevas especies y, por
otro, se han realizado ana´lisis fı´sico-quı´micos de la fuente con diferentes familias de mole´culas.
Observaciones
Las ventanas atmosfe´ricas en las cuales hemos observado la nube de Orio´n-KL abarcan
las longitudes de onda de 3 mm a 0.9 mm, aproximadamente desde los 80 GHz hasta los 307 GHz de
frecuencia, en el dominio de las ondas milime´tricas y sub-milime´tricas.
A continuacio´n, vamos a describir los datos de los que disponemos, procedentes de los
radiotelescopios involucrados en este trabajo:
Los datos observacionales se obtuvieron con el radiotelescopio de 30 m de IRAM (Granada, Espan˜a),
apuntando hacia la fuente Orio´n-IRc2 (α2000=5h35m14.5s, δ2000=-5◦22′30”) y usando cuatro receptores
superheterodinos con mezclador SIS (Superconductor-Aislante-Superconductor) operando a 3 mm (80-
115 GHz), 2 mm (130-180 GHz) y 1.3 mm (197-280 GHz). La resolucio´n espectral es de 1-1.25 MHz.
Asimismo, disponemos de otro set de datos obtenidos posteriormente con el mismo telescopio pero
ampliando los rangos de frecuencias con uso del receptor EMIR (Eight MIxer Receiver): 80.7-116,
122.7-161.2, 199.7-306.7 GHz, con una resolucio´n espectral de 0.2 MHz.
IRAM-30 m, es un radiotelescopio de antena u´nica, con una superficie de alta precisio´n localizado a
2850 m de altura en Sierra Nevada, en la provincia de Granada, Espan˜a.
Los cartografiados de emisio´n molecular nos permiten caracterizar espacialmente la emisio´n
molecular de un objeto. En el caso de un u´nico apuntado, solo tenemos informacio´n promediada sobre
el haz principal del telescopio (eqivalente a 1 pı´xel). En un mapa on-the-fly (OTF) se realiza un barrido
espacial con mu´ltiples apuntados, para registrar la emisio´n en distintas direcciones a lo largo del objeto
que estamos estudiando.
Adema´s, en este trabajo tambie´n se han analizado datos de Orio´n-KL con una alta resolucio´n espacial
(2 ”) obtenidos con el interfero´metro ALMA (Atacama Large Millimeter/Sub-millimeter Array) en el
desierto de Atacama en Chile, con 16 de las antenas de 12m operando en el rango de frecuencias de la
Banda 6 (entre 213.715 y 246.627 GHz). La resolucio´n espectral obtenida es de 0.488 MHz.
ALMA, es un interfero´metro que puede revolucionar el campo de la deteccio´n de mole´culas orga´nicas
complejas en regiones de formacio´n estelar, al superar los lı´mites de deteccio´n de los teslescopios
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actuales. Esta´ situado en el desierto de Atacama en Chile, un lugar muy seco donde se reduce
significativamente el efecto del vapor de agua atmosfe´rico, y a unos 5000 m de altura, para atenuar
el efecto que tiene el oxı´geno atmosfe´rico en las sen˜ales espectrales. En esta tesis, los datos de los
que disponemos se corresponden principalmente con los datos del ALMA Science Verification (SV)
en la ventana atmosfe´rica de 1 mm. La combinacio´n de estos datos con aquellos procedentes del
radiotelescopio de 30 m de IRAM resulta esencial para un ana´lisis completo de los datos, debido a
que los mapas de emisio´n que se obtienen con datos de ALMA SV revelan las componentes de la nube
de Orio´n-KL con una elevada resolucio´n espacial.
Ana´lisis
El ana´lisis y la reduccio´n de los datos, es posible gracias al uso del paquete de software GILDAS1.
Para el estudio de las transiciones rotacionales de las mole´culas que emiten en la regio´n de Orio´n-KL
y obtener las condiciones fı´sicas y quı´micas que definen la misma, llevamos a cabo una modelizacio´n
fı´sico-quı´mica, haciendo uso de un co´digo de excitacio´n y transporte de radiacio´n, MADEX, desarrollado
por J. Cernicharo (Cernicharo 2012). Todo esto, acompan˜ado del uso de cata´logos espectrales
moleculares para identificar las lı´neas moleculares y determinar los posibles solapamientos con otras
especies que emiten en frecuencias similares.
El trabajo desarrollado en el laboratorio, es crucial para la deteccio´n e identificacio´n de especies
moleculares en el espacio. Por ello, para algunas de las mole´culas de la tesis, se investigo´ en el
Laboratorio de espectroscopı´a milime´trica de la Universidad de Valladolid, el cual desarrolla sus
investigaciones a trave´s del ana´lisis de los datos obtenidos con distintos instrumentos, entre los que
se encuentra un espectro´metro que opera en la regio´n microondas/(sub)milime´trica.
De todas las mole´culas que comprende esta tesis, CH3CH2CN y CH2CHCN son las que han sido
estudiadas en el laboratorio de Valladolid para proceder a la deteccio´n interestelar de los estados
vibracionales de ma´s baja energı´a de las mismas. Dicho trabajo de laboratorio, tuvo lugar entre los
meses de noviembre de 2011 a febrero de 2012.
4.1 Interaccio´n entre materia y radiacio´n
Los a´tomos y las mole´culas son sistemas cua´nticos, que interaccionan con los fotones de la radiacio´n
electromagne´tica, absorbiendo cuantos de energı´a (E=hν)2. Dicha energı´a, es equivalente a la diferencia
entre los dos estados o niveles energe´ticos (∆E=Em-En) por los que pasa el sistema al cambiar de estado
energe´tico, excita´ndose a un nivel superior o desexcita´ndose y relaja´ndose a un estado inferior, emitiendo
un foto´n. Las lı´neas espectrales, consecuencia de las transiciones que resultan de la absorcio´n o emisio´n
de la radiacio´n, aparecen en posiciones del espectro correspondientes a las frecuencias caracterı´sticas de
cada transicio´n.
Las condiciones del medio interestelar, influyen en la intensidad que recibimos de las lı´neas
moleculares en nuestro espectro. La profundidad o´ptica del medio mide la capacidad del gas del medio
1https://www.iram.fr/IRAMFR/GILDAS/
2La energı´a de las ondas electromagne´ticas se propaga a la velocidad de la luz, y viene determinada por la relacio´n
E = hν = hc/λ.
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interestelar, para bloquear la luz en la nube en base al recorrido libre medio, que pueden tener los fotones
de la luz que recibimos en su interaccio´n con las partı´culas del gas.
El medio es o´pticamente transparente (τ<1), si la emisio´n molecular que nos llega de la nube sufre
pocas interacciones con otras partı´culas. En estos casos, podemos calcular la densidad de columna
de la especie detectada, ası´ como la temperatura a la que se excitan sus lı´neas. Si el medio es
o´pticamente opaco (τ>1), las interacciones entre la radiacio´n emitida con las dema´s partı´culas del medio,
son importantes (habra´ habido muchos procesos de absorcio´n y dispersio´n) y dara´ lugar a unas lı´neas
saturadas, con lo que perdemos informacio´n respecto a la abundancia de la especie emisora.
Las especies muy abundantes en la regio´n, suelen presentar lı´neas o´pticamente opacas. Es por ello, que
el ca´lculo de las abundancias de estas mole´culas, se hara´ a trave´s de los isotopo´logos menos abundantes.
´Estos, no se ven afectados generalmente por problemas de opacidad, y mediante ellos se pueden estimar
las abundancias del isotopo´logo principal a trave´s de las razones isoto´picas.
En nuestro trabajo hemos utilizado MADEX, un co´digo de transporte de radiacio´n desarrollado por
J. Cernicharo (2012), para caracterizar y modelizar la regio´n estudiada. MADEX permite realizar una
modelizacio´n, para la obtencio´n de las condiciones fı´sicas y quı´micas de la nube, simulando los espectros
observados. Este co´digo de transporte radiativo opera en aproximacio´n LTE o LVG, cuando la mole´cula
cuenta con coeficientes colisionales.
4.1.1 Mecanismos de poblacio´n de niveles energe´ticos
El ana´lisis de las lı´neas de emisio´n moleculares observadas, nos aporta informacio´n acerca de los
mecanismos por los que se pueblan los niveles de energı´a de las mole´culas. Ası´, en las regiones
donde se forman las estrellas, las mole´culas interestelares pueden excitarse de diversas formas: por
el calentamiento del gas y el polvo presentes en la nube a causa de la radiacio´n de una estrella que se
esta´ formando, debido a las ondas de choque procedentes del flujo de material de una protoestrella, por
la radiacio´n emitida por el polvo interestelar al interaccionar con la radiacio´n de las estrellas, o incluso
por la radiacio´n de fondo de microondas (CMB, Tbackground≈2.7 K). Las mole´culas del gas no so´lo son
excitadas en procesos radiativos, sino tambie´n colisionales. Por ejemplo, el medio denso propio de
la regio´n de formacio´n estelar estudiada, presenta condiciones favorables para que las colisiones entre
mole´culas (principalmente con la mole´cula ma´s abundante, H2) dominen los mecanismos de excitacio´n.
Para estimar las propiedades fı´sicas de la nube, recurrimos a las aproximaciones de equilibrio
termodina´mico local LTE, o LVG (Large Velocity Gradient, en el que los fotones en una zona no
interaccionen con el resto de la nube). Estas dos hipo´tesis permiten resolver las ecuaciones de transporte
radiativo y de equilibrio estadı´stico de manera simulta´nea.
La figura 4.1, ilustra los procesos de excitacio´n/desexcitacio´n moleculares, que dan lugar a las
transiciones colisionales y radiativas en el marco de la interaccio´n de la radiacio´n con la materia.
A continuacio´n, se muestran las ecuaciones de equilibrio estadı´stico (ecs. 4.1−4.3), la forma de las
transiciones radiativas (ecs. 4.4−4.9) y colisionales (ecs. 4.10−4.12) en el equilibrio, ası´ como ambas
contribuciones radiativas y colisionales (ecs. 4.13−4.14), y por u´ltimo, las ecuaciones de transporte
radiativo principales (ecs. 4.15−4.23) esenciales para llevar a cabo un ana´lisis de poblaciones de niveles
energe´ticos.
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Figura 4.1: Los diferentes mecanismos de excitacio´n y desexcitacio´n de los niveles energe´ticos de las
mole´culas en la nube. En la ecuacio´n de equilibrio estadı´stico se considera tanto las transciones
colisionales como las transiciones radiativas.
I Transiciones radiativas en el equilibrio:
Las ecuaciones ba´sicas de equilibrio estadı´stico, describen el balance entre los procesos que pueblan
y despueblan los niveles de energı´a de un sistema, permitiendo determinar las poblaciones del estado
n (superior), Nn, y m (inferior), Nm. Ası´, refirie´ndonos a la parte radiativa, las expresiones son las
siguientes:
(I) Absorcio´n inducida: dNndt =NmBmnρ(ν) (ec. 4.1)
(II) Emisio´n inducida o estimulada: dNndt =−NnBnmρ(ν) (ec. 4.2)
(III) Emisio´n esponta´nea: dNndt =−NnAnm (ec. 4.3)
Segu´n una de las expresiones de Milne-Einstein los coeficientes de emisio´n/absorcio´n inducida se
relacionan tal que gnBnm=gmBmn.
NmBmnρ(ν)−NnBnmρ(ν)=(Nm−Nn)Bnmρ(ν) (ec. 4.4)3
Los tres procesos (ecs. 4.1−4.3) ocurren a la vez, cuando las poblaciones de niveles han alcanzado sus
valores de equilibrio, con lo que las tasas o velocidades de emisio´n y absorcio´n de la radiacio´n se igulan
( dNndt =0):
3Al contrario que ocurre con la emisio´n esponta´nea, la emisio´n estimulada o inducida es coherente (o esta´ en fase) con la
radiacio´n incidente, con lo que contribuye al co´mputo de la radiacio´n absorbida neta, haciendo que Bnm≈Bmn.
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dNn
dt =(Nm−Nn)Bmnρ(ν)−NnAnm=0 (ec. 4.5)
Poblacio´n de niveles (ley de distribucio´n de Boltzmann):
Nn
Nm=
gn
gm e
− ∆EkT (ec. 4.6)
Densidad de radiacio´n espectral (o de energı´a):
ρ(ν)= 8pihν3
c3
1
ehν/kT−1 (ec. 4.7)
Relaciones de Milne-Einstein:
Anm= 8pihν
3
c3
Bnm gnBnm=gmBmn (ec. 4.8)
Bnm= 1(6εo~2) ·|µnm|
2 Anm= (16pi
2ν3/c3)
(6εo~) ·|µnm|
2 (ec. 4.9)
donde |µnm|2 es la probabilidad de transicio´n radiativa.
I Transiciones colisionales en el equilibrio:
De igual modo, en equilibrio, los dos procesos (ecs. 4.1−4.3) ocurren a la vez, con lo que las tasas o
velocidades de emisio´n y absorcio´n se igulan ( dNndt =0):
dNn
dt =(Nm−Nn)NCnm−NnAnm=0 (ec. 4.10)
N=densidad de partı´culas colisionantes
Excitacio´n/Desexcitacio´n colisionales:
NmCmn=NnCnm (ec. 4.11)
Poblacio´n de niveles (ley de distribucio´n de Boltzmann):
Cnm
Cmn=
gm
gn e
−
∆Emn
kT (ec. 4.12)
I Transiciones radiativas y colisionales-Ecuaciones de equilibrio estadı´stico (estado estacionario):
dNn
dt =−Nn
∑
m,n[Rnm +Cnm]+
∑
m,n(Nm[Rmn +Cmn])=0 (ec. 4.13)
Donde las probabilidades de transicio´n de desexcitacio´n/excitacio´n radiativas y colisionales son Rnm
o Rmn y Cnm o Cmn, respectivamente.
Rnm=Anm+Bnmρν Rmn=Bmnρν (ec. 4.14)
El valor umbral de la densidad, en la cual las transiciones colisionales son igual de importantes que las
radiativas (Cnm≈Rnm), proporciona la densidad crı´tica. Este valor nos indica el mecanismo dominante,
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por el que se pueblan los niveles energe´ticos en una determinada regio´n.
I Ecuaciones de transporte radiativo:
La intensidad de la radiacio´n Iν (o intensidad especı´fica) describe el campo de radiacio´n
electromagne´tica como la energı´a dE de un intervalo de frecuencia dν que se transporta dentro de un
a´ngulo so´lido4 dΩ a trave´s de un a´rea dσ en un tiempo dt a lo largo de la lı´nea de visio´n s, tal que
Iν=dE/dtdσcosθdΩdν. De modo que, IνcosθdΩ se corresponde con el flujo de la radiacio´n dIνds . La Iν
promediada o integrada sobre todas las direcciones a trave´s del angulo so´lido es la intensidad media Jν.
La densidad de energı´a ρν tiene la misma forma que la intensidad media, so´lo que es la intensidad de
radiacio´n propagada a la velocidad de la luz, es decir Iν/c, con lo que ρν= 4pic Jν.
Intensidad media de la transicio´n m←n (Jnm):
Jnm= 14pi
∫
dΩ
∫
Inmφnm(ν)dν (ec. 4.15)
El para´metro φnm es el perfil de la lı´nea espectral, da cuenta de la probabilidad de absorcio´n en torno
a la frecuencia central de la lı´nea ν0.
La ecuacio´n de transporte (ec. 4.16) evalu´a el cambio de la intensidad al atravesar un medio a lo largo
de la lı´nea de visio´n, y se escribe en funcio´n de un te´rmino de atenuacio´n (αν) y otro de incremento de la
intensidad ( jν). El flujo de radiacio´n a trave´s de la materia (ec. 4.16), tras integrar, da como solucio´n la
ec. 4.17 (4.1.1):
dIν
ds =
dIabsν −dIemitν
ds =−ανIν+ jν (ec. 4.16)
Iν(τν)=Iν(0)e−τν+S ν(1-e−τν) (ec. 4.17)
Segu´n la ley de Kirchoff en el equilibrio termodina´mico las absorciones se igualan a las emisiones,
por lo que la ecuacio´n de transferencia se anula (dIν/ds=0) y, adema´s, Iν=Bν, de modo que, jν/αν=Bν.
En LTE, la funcio´n fuente sera´ igual a la funcio´n de Planck del cuerpo negro Bν=S ν. Esta funcio´n fuente
S ν se define como:
S ν=
∫
4pi Iν cos θdΩ=
jν
αν
=
·ρ
kν·ρ (ec. 4.18)
jν=coeficiente de emisio´n ; =emisividad
kν=coeficiente ma´sico de absorcio´n
jν= dI
emit
ν
ds =
hν
4pi (NnAnm)φν (ec. 4.19)
αν=kνρν=− 1Iν
dIabsν
ds =
hν
4pi (NmBmn-NnBnm)φν (ec. 4.20)
4dΩ=dσ/r2, σ es el a´rea proyectada del cono geome´trico que contiene la energı´a que recibe el receptor o que se emite desde
la fuente, y r la distancia entre la fuente y el receptor. La intensidad especı´fica recibida es igual a la intensidad emitida, lo que
hace que esta magnitud sea independiente de la distancia que separa la fuente del receptor r. Ası´, el a´ngulo so´lido para toda la
esfera es Ω=4pir2/r2=4pi.
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La profundidad o´ptica u opacidad depende del coeficiente de absorcio´n a lo largo de la lı´nea de visio´n
s, por lo que es proporcional a la densidad de columna del medio (
∫
ρds=
∫
nids=Ni), e influye en la
atenuacio´n e incremento de la intensidad de las lı´neas moleculares:
Opacidad: τν=
∫ s
0 ανds ; αν=coeficiente de absorcio´n=kνρ (ec. 4.21)
dIabsν =−ανIνds=−kνρIνds (ec. 4.22)
αν=1/lν ; lν=recorrido libre medio de los fotones (ec. 4.23)
4.1.2 Aproximaciones
En condiciones de LTE, las poblaciones siguen una distribucio´n de Maxwell-Boltzmann
(Nn/Nm≈exp(−∆E/kT ), poblacio´n de niveles donde T=Tkinetic=Texcit). La temperatura de excitacio´n
del gas bajo LTE, equivale a la temperatura cine´tica o rotacional, dado que las transiciones se termalizan
a la temperatura cine´tica del gas.
Asumiendo la aproximacio´n de Rayleigh-Jeans (λ>>hc/kT o hν<<kT ), la funcio´n de Planck del
cuerpo negro queda de la forma Bλ≈2ckT /λ4 o Bν≈2ν2kT /c2.
A continuacio´n se muestran las ecuaciones principales para el balance de energı´a y poblacio´nes en
LTE (ecs. 4.24−4.26).
I Ecuaciones de equilibrio termodina´mico local (LTE):
(I) Poblacio´n de cada nivel de energı´a (Ecuacio´n de Boltzmann):
Nupp= NQrot gue
−Eupp/kT (ec. 4.24)
(III) Ecuacio´n de Maxwell (distribucio´n de velocidades):
f (3)=( m2pikT )3/2e(−m3
2/2kT ) (ec. 4.25)
(IV) Densidad crı´tica5:
Ncr=Anmγmn , ”competicio´n procesos radiativos/colisionales” (ec. 4.26)
Si Ni>Ncr: poblacio´n de niveles termalizado (Texc=Tk)
Si Ni<Ncr: poblacio´n de niveles subtermalizado (Texc<Tk)
Para un medio isotermo, en condiciones de LTE, la solucio´n para la ecuacio´n de transporte en la
aproximacio´n de Rayleigh-Jeans es la siguiente: TB(τν)=TB(0)e−τν+T (1−e−τν) (ver por ej. Lequeux
2005). De modo que, para un medio o´pticamente transparente (τν<<1), en LTE y con emisio´n del
5Transicio´n sin excitacio´n radiativa: NiNxγmn=NnNxγmn+NnAnm ; donde x=partı´cula o mole´cula con la que colisiona, e
i=nuestra mole´cula.
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continuo (TB(0)) de´bil la ecuacio´n de transporte se puede aproximar a: TB(τν)=T τν.
Debido a que la opacidad del medio τν esta´ directamete relacionada con la densidad de columna N, la
TB (o bien TA o TMB) serı´a proporcional a la N.
En la aproximacio´n de LVG, la regio´n se considera homoge´nea, isoterma y con un gran campo de
velocidades que permite desacoplar radiativamente las distintas regiones de la nube. En la aproximacio´n
LVG, tambie´n denominado me´todo de Sobolev (Sobolev 1960), se establece un gradiente de velocidades
desacoplando radiativamente regiones fı´sicamente pro´ximas, a causa del desplazamiento en frecuencia
de la lı´nea por efecto Doppler (dν/ν=d3/c). Esta aproximacio´n se utiliza para estimar las condiciones
fı´sicas del gas bajo un estado de excitacio´n de ”no-LTE”, en el que la poblacio´n de los niveles energe´ticos
esta´ determinada por diferentes temperaturas de excitacio´n y en el que la poblacio´n de niveles no esta´
termalizada. En este caso, la funcio´n fuente (S λ) ya no es equivalente a la funcio´n de Planck de la
radiacio´n del cuerpo negro (Bλ).
4.2 Radioastronomı´a
4.2.1 La atmo´sfera terrestre
La transmisio´n de la radiacio´n electromagne´tica que procede del espacio en los rangos de
frecuencia o ventanas atmosfe´ricas de nuestro estudio, depende principalmente de diversos factores como
el perfil de temperatura y presio´n con la altura, la cantidad de vapor de agua en la atmo´sfera y el de otras
especies minoritarias como O3, SO2, CO, etc. Las observaciones radioastrono´micas pueden realizarse
desde tierra, gracias a la transparencia de la atmo´sfera en la regio´n del espectro en el que ocurren la mayor
parte de las transiciones rotacionales de las mole´culas que detectamos en el espacio. Sin embargo, para
especies ligeras cuyas transiciones ocurren en el dominio del infrarrojo lejano, o cerca de las frecuencias
de las transiciones de H2O, nuestra atmo´sfera es o´pticamente opaca. La Fig. 4.2 muestra la opacidad de
la atmo´sfera a lo largo del espectro electromagne´tico.
Las mole´culas atmosfe´ricas relevantes que absorben y emiten en el espectro milime´trico y
submilime´trico son principalmente: O2, H2O, O3 (Pardo 1996, Cernicharo 1985, Pardo et al. 2001).
El vapor de agua contenido en las nubes dispersa y absorbe la radiacio´n, por lo que resulta importante
situar radiotelescopios en lugares con condiciones atmosfe´ricas locales estables, con baja cantidad total
de agua precipitable y gran altitud.
El co´digo para el modelo de transmisio´n atmosfe´rica en el rango microondas ATM (Atmospheric
Transmission Model, ver Cernicharo 1985; tesis de Cernicharo 1988; Pardo 1996; Pardo et al. 2001)
modeliza el espectro de la atmo´sfera terrestre para simular la transferencia radiativa en este rango de
frecuencias. Este co´digo es va´lido para frecuencias entre 0 y 2 THz (Pardo et al. 2001) proporcionando
el espectro atmosfe´rico en condiciones de cielo despejado para la radioastronomı´a y otras aplicaciones
cientı´ficas, y con el que se calibra la escala de intensidad de las observaciones. Por ejemplo el co´digo de
ATM, permite simular el modelo de transmisio´n atmosfe´rica para el telescopio de 30 m de IRAM, en las
cuatro bandas de frecuencias de operacio´n, para unas condiciones clima´ticas con una cantidad de vapor
de agua precipitable determinada.
La masa de aire que atraviesa la radiacio´n influye en la opacidad o profundidad o´ptica (τ, ec. ?? y ??)
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Figura 4.2: Representacio´n de la transmitancia/absorbancia de la radiacio´n electromagne´tica a trave´s
de la atmo´sfera terrestre y la instrumentacio´n utilizada para recurrir a la regio´n del espectro de
intere´s. Fuente: STScI/JHU/NASA https://imagine.gsfc.nasa.gov/
a lo largo de la lı´nea de visio´n (s) −desde el extremo de la atmo´sfera (s=0) hasta la antena (s=s0)−, la
cual depende de las condiciones de temperatura (T) y presio´n (P) atmosfe´ricas, ası´ como de la densidad
del gas (ρ), haciendo que la intensidad de la radiacio´n recibida se vea modificada.
Las observaciones radioastrono´micas, proporcionan la intensidad de la radiacio´n en te´rminos de TA∗,
es decir, de la temperatura de antena corregida de los efectos de la atmo´sfera. Dichos efectos, se estiman
a partir de las variables locales de temperatura, presio´n y cantidad de vapor de agua y del co´digo ATM.
4.2.2 Radiotelescopios
El principio de funcionamiento de un radiotelescopio (basado en el telescopio de 30 m de IRAM)
se basa en la deteccio´n y recepcio´n de las ondas de radio, de manera que las sen˜ales que proceden de
la fuente astrofı´sica sobre la que se realiza el apuntado, son captadas por la antena primaria (que es el
reflector principal), que a su vez las redirige a un espejo secundario (subreflector), el cual focaliza las
sen˜ales a los receptores situados dentro de la antena. Para que las sen˜ales puedan ser amplificadas, los
receptores las convierten en sen˜ales de frecuencias ma´s bajas, para lo que se combinan con una sen˜al
producida por un oscilador local, a una frecuencia similar a la sen˜al original. A la salida del mezclador,
se obtiene una sen˜al a la frecuencia intermedia del sistema y con una intensidad proporcional a la sen˜al
incidente (νIF , Intermediate Frequency), es decir, la diferencia entre las dos frecuencias entrantes (la
del cielo y la inyectada por el oscilador local, |νsky−νLO|=νIF), de modo que se obtiene una frecuencia
suficientemente baja como para ser amplificada convenientemente por amplificadores de muy bajo ruido
y alta ganancia.
El receptor que se usa actualmente en el radiotelescopio de IRAM 30 m es EMIR (Eight MIxer
Receiver), cuyos mezcladores son de doble banda-lateral (o sideband), 2SB, que ofrecen 8 GHz de ancho
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de banda lateral por cada SB (Lower Side-Band o LSB, y otro Upper Side-Band o USB) y polarizacio´n
(horizontal H y vertical V). Cada ancho banda de 8 GHz se divide en dos sub-bandas de 4 GHz cada
una, Inner Lower/Upper SB y Outer Lower/Upper SB, y teniendo en cuenta las dos polarizaciones H y V
quedan ocho sub-bandas que pueden ser transportadas a los espectro´metros cubriendo un total de 32 GHz
de ancho de banda instanta´nea (es decir 16 GHz de ancho de banda por cada polarizacio´n). EMIR opera
en cuatro bandas (o cuatro ventanas atmosfe´ricas) correspondientes a, aproximadamente, E090 (3 mm),
E150 (2 mm), E230 (1.3 mm), E330 (0.9 mm). Cada una proporciona dos canales de polarizacio´n lineal
sintonizados a la misma frecuencia. Los espectro´metros utilizados en nuestro caso, son los Fast Fourier
Transform Spectrometers con 200 KHz de resolucio´n espectral. Las observaciones en la banda E330,
so´lo pueden reallizarse bajo condiciones clima´ticas muy buenas debido a la alta absorcio´n de la atmo´sfera
terrestre a dichas frecuencias. Es necesario remarcar que, la escala de intensidad de las observaciones se
calibran usando el modelo de transmisio´n atmosfe´rica citado anteriormente (ATM, ver Cernicharo 1985;
Cernicharo 1988; Pardo 1996; Pardo et al. 2001).
A continuacio´n, vamos a describir brevemente las propiedades fundamentales de los radiotelescopios
(ver 4.3), basa´ndonos en Wilson et al. 2009, Baars 2007, Kwok 2007 y Kraus 1988.
beam  
solid angle 
??? 
side-lobes 
SFR-Orion-KL 
??????? ??????????? 
Figura 4.3: Visualizacio´n de algunos para´metros de la antena.
• Diagrama de radiacio´n: el diagrama de radiacio´n o patro´n de energı´a de una antena (P(θ, φ))
representa la cantidad de energı´a transmitida o recibida por a´ngulo so´lido en la direccio´n (θ, φ), donde θ
es la coordenada en latitud y φ en longitud. El diagrama se representa en te´rminos del patro´n de energı´a
normalizado (con respecto a su valor ma´ximo), tal que Pn(θ, φ)=P(θ, φ)/Pmax. El patro´n de energı´a de una
antena tiene la forma de un patro´n de Airy, que consiste en un a´rea central brillante que se corresponde
con el haz principal del patro´n de difraccio´n (que constituye ≈84% de la energı´a difractada procedente
de la fuente, Goldberg and Mc Culloch 1968), rodeado por anillos oscuros y brillantes o lo´bulos laterales
del patro´n de difraccio´n.
En el patro´n de radiacio´n de la antena o diagrama de radiacio´n para radiotelescopios de antena u´nica,
aparece un lo´bulo principal muy destacado, que es donde recae la mayor parte de la intensidad de
la radiacio´n, y otros secundarios o laterales (side-lobes). En el caso de los interfero´metros, poseen
un diagrama de radiacio´n que es el producto de la interferencia entre las ondas que conforman los
diagramas de las antenas individuales, con una separacio´n entre ellos que depende de la distancia
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espacial (la distancia entre las antenas o lı´nea-base). Es decir, en lugar de lo´bulo principal y secundarios
se habla de ”franjas” (ver Fig. 4.4). Las posiciones de los mı´nimos de un patro´n de difraccio´n se
situ´an en los valores θ∝λ/D, que se corresponden con el lı´mite de difraccio´n (θ, o taman˜o del haz) y
establecen la resolucio´n espacial del instrumento. Cuanto mayor es el dia´metro D del telescopio, mayor
energı´a se colecta, mejor es la resolucio´n espacial del telescopio, y mayor es la capacidad para resolver
detalles pequen˜os. Algo que se consigue de forma muy eficaz, con la disposicio´n interferome´trica de
radiotelescopios individuales, que simulan el taman˜o de un radiotelescopio equivalente a la distancia
entre los radiotelescopios individuales implicados, como el interfero´metro ALMA.
Figura 4.4: Esta figura muestra el patro´n o diagrama de radiacio´n para diferentes configuraciones de
antena− antena u´nica (a) e interfero´metro (b,c). Fuente: Tools of Radioastronomy, Wilson et al. 2009
• Anchura del haz a media potencia: La mayor fraccio´n de la energı´a colectada por la
antena recae en el lo´bulo central. Este lo´bulo principal se define por la anchura del haz
a media potencia HPBW (Halph-Power Beam Width), es decir, el a´ngulo del haz pincipal
donde el patro´n de la radiacio´n disminuye a la mitad del valor ma´ximo (nivel de −3dB)6,
siendo HPBW∝λ/D). Para el telescopio de 30 m de IRAM, HPBW(”)=2460/ν(GHz) (fuente:
http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies), con lo que el taman˜o del haz
principal varı´a entre 31”(80 GHz) y 8”(307 GHz).
• ´Angulo so´lido del haz principal y de antena: El a´ngulo so´lido del haz principal (ΩMB, ec. 4.27) es
aquel que se obtiene intengrando el diagrama de radiacio´n para todo el haz principal (o lo´bulo principal).
El a´ngulo so´lido de la antena (ΩA) comprende tanto el a´ngulo so´lido del haz principal, como el de los
lobulos secundarios, correspondie´ndose con aquel a´ngulo integrado para toda la esfera (ec. 4.28).
ΩMB =
∫ ∫
main−lobe
Pn(θ, φ)senθdθdφ =
∫ ∫
main−lobe
Pn(θ, φ)dΩ (4.27)
ΩA =
∫ 2pi
0
∫ pi
0
Pn(θ, φ)senθdθdφ =
∫ 2pi
0
∫ pi
0
Pn(θ, φ)dΩ (4.28)
6El nivel del decibelio consiste en la relacio´n logarı´tmica dB=10log10Pn(θ, φ) (Kraus 1988)
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• Eficiencia del haz pincipal: La eficiencia del haz principal (ηMB) relaciona el a´ngulo so´lido del haz
principal y el de la antena, tal que ηMB=ΩMB/ΩA, indicando la fraccio´n de energı´a concentrada en el haz
principal. La calidad de una antena se mide ba´sicamente por la capacidad que tiene de colectar la mayor
parte de la energı´a en el haz principal.
• ´Area efectiva: El a´rea o apertura efectiva (Ae) de la antena es la fraccio´n entre la cantidad de
potencia radiada por la antena (Pe) y la densidad de energı´a que intercepta la antena |< S >|. Este
para´metro define la sensibilidad de la antena, y se relaciona con la directividad o ganancia del telescopio
a trave´s de D=4pi Ae/λ2=4pi/ΩA. La eficiencia de la apertura (ηA) indica la relacio´n entre el a´rea efectiva
y al a´rea geome´trica de la antena.
• Temperatura de antena: La intensidad de las lı´neas espectrales se miden en unidades de
temperatura. Para definir la temperatura de antena (TA), partimos del concepto de cuerpo negro y de
la temperatura de brillo (Tb=[c2/(2ν2k)]Bν), que es la temperatura que tendrı´a un cuerpo que emite a
la misma intensidad y frecuencia que la fuente, Iν=Bν(Tb). Es importante destacar que Tb no es la
temperatura fı´sica de la fuente. La TA (ec. 4.29) sera´ la convolucio´n de la temperatura de brillo de la
fuente con el diagrama del haz del telescopio.
TA =
∫ 2pi
0
∫ pi
0 Tb(θ, φ)Pn(θ, φ)senθdθdφ∫ 2pi
0
∫ pi
0 Pn(θ, φ)senθdθdφ
=
1
ΩA
∫ 2pi
0
∫ pi
0
Tb(θ, φ)Pn(θ, φ)dΩ (4.29)
Al tener en cuenta los efectos de transmisio´n de la atmo´sfera en direccio´n a la fuente (mediante
e−τatm), la expresio´n de la temperatura de antena queda corregida como: TA=TMBηMBe−τatm , donde ηMB
es la eficiencia del haz principal (Lequeux 2005). La temperatura de brillo se puede igualar a la del haz
principal en el caso de que la fuente observada cubra exactamente la dimensio´n del haz principal.
4.2.3 Reduccio´n de las observaciones: el problema de la banda imagen
Un descripcio´n completa de la estrategia de reduccio´n de los datos obtenidos en el barrido espectral
de Orio´n-KL se puede encontrar en Tercero et al. (2010) y Tercero ().
En este apartado, y relacionado con la recepcio´n de la sen˜al en radioastronomı´a, nos centraremos en
el problema de la banda imagen.
Para una frecuencia del oscilador local dada (νLO), el mezclador (un dispositivo no lineal) amplificara´
dos bandas de frecuencia diferente para una frecuencia del oscilador local dada. Estas dos bandas
corresponden a la banda ”sen˜al” y a la banda ”imagen”, y son aquellas separadas de νLO por un valor
±νIF , siendo νIF la frecuencia intermedia. La banda de frecuencias de la banda imagen se corresponde
con la frecuencia de la sen˜al νs incrementada un valor igual al doble de la frecuencia intermedia, es decir,
νimagen=νs+2νIF .
En el radiotelescopio de IRAM 30 m los receptores atenu´an la sen˜al de la banda imagen de manera
eficaz, sin embargo, debido a que Orio´n-KL es una de las fuentes ma´s brillantes en el milime´trico, lı´neas
intensas en la banda imagen aparecen en la banda sen˜al con una intensidad significativa. Por ejemplo,
aquellas lı´neas pertenecientes a mole´culas abundantes como CO, SO y SO2.
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Con el fin de detectar y eliminar estas caracterı´sticas espectrales procedentes de la banda imagen, se
realizan dos observaciones donde se sintonizan frecuencias ligeramente diferentes en el oscilador local,
en nuestro caso correspondiente a una diferencia de 50 MHz respecto a la frecuencia central previa. La
Fig. 4.5 muestra un ejemplo de lı´neas procedentes de la banda ”imagen”; sera´n aquellas que aparecen
desplazadas 100 MHz al superponer ambos espectros. Para obtener el espectro reducido final, se anulan
los canales en los que aparecen las lı´neas de la banda imagen en ambos espectros (desplazado y sin
desplazar 50 MHz), y a continuacio´n se suman los espectros.
Espectro desplazado 50 MHz 
Espectro sin desplazar 
Banda Imagen se encuentra a unos 100 MHz de diferencia 
(entre espectro desplazado 50 MHz y aquel sin desplazar) 
Figura 4.5: Ejemplo de la banda imagen tras superponer los espectros de emisio´n obtenidos mediante el
me´todo de observacio´n wobbler switching. La lı´nea negra se corresponde con el espectro sin desplazar
y la roja con el espectro desplazado 50 MHz respecto a la frecuencia central. La banda imagen
aparece a 100 MHz de diferencia entre ambos espectros (negro−207320 MHz y rojo−207420 MHz).
El espectro resultante se obtiene despue´s de eliminar las lı´neas de la banda imagen de los espectros
desplazado y sin desplazar, y a continuacio´n, sumar dichos espectros.
4.3 Te´cnicas de ana´lisis especı´ficas
4.3.1 Diagramas de poblacio´n o rotacio´n
Los Diagramas de Rotacio´n (D.R.) o tambie´n denominados diagramas de poblacio´n, son
representaciones gra´ficas de la poblacio´n de niveles de las mole´culas en funcio´n de su energı´a (ln(Nu/gu)
vs. Eupp/k). En condiciones de LTE, como hemos visto, la poblacio´n de niveles sigue una distribucio´n
de Boltzmann y los niveles esta´n termalizados, por lo que la temperatura de excitacio´n que se obtendrı´a
a partir de la pendiente es equivalente a la Tk. Este me´todo se usa en primera aproximacio´n para obtener
la densidad de columna (N) y la temperatura (Trot). Estos diagramas se construyen utilizando lı´neas no
solapadas con otras mole´culas o, al menos, lo ma´s aisladas posibles.
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Los diagramas de rotacio´n se pueden hacer para cada componente que vemos en los perfiles de las
lı´neas espectrales, ofrecie´ndonos informacio´n acerca de las propiedades fı´sicas de la regio´n. En la
siguiente lista de ecuaciones (ecs. 4.30−4.39), se relacionan los para´metros observacionales y teo´ricos
que se necesitan para la construccio´n gra´fica de los diagramas rotacionales (ver Tabla 4.3.1). Se obtendra´
Trot a partir de la pendiente, y la densidad de columna del gas (N) a partir del eje de ordenadas
(ln(Nu/gu) (cm−2), donde Nu/gu=[(8pikν2Wobs)/(hc3AulgubηMB)]). En el caso de transiciones o´pticamente
transparentes, la densidad de columna es directamente proporcional a la temperatura de antena (TA) o
del haz principal (TMB).
I Diagrama de rotacio´n-poblacio´n ln(Nu/gu) (cm−2) vs. (Eupp/k ( K)):
ln ( Nugu )=ln [ 8pikν
2W
hc3Aulgu
]=ln[ 3kW8pi3νµ2S ulgigk ]=ln(
N
Qrot )-Eupp/kT= (ec. 4.30)
=ln( N(Wobs)Qrot )-Eupp/kT+ln(b·ηMB) (ec. 4.31)7
=ln [ 8pikν2Wobshc3Aulgu (
1
b )( 1ηMB )]=ln( NQrot )-Eupp/kT (ec. 4.32)
ln(N(Wobs))=ln(N)-ln(b·ηMB) (ec. 4.33)
• Factor de dilucio´n del telescopio para haz y fuentes gaussianas:
b= θ
2
sou
θ2sou+θ
2
beam
; θbeam=HPBW (ec. 4.34)
• Temperatura de antena corregida de la dilucio´n ( K):
T obsA =T
sou
A (
θ2sou
θ2sou+θ
2
beam
)=T souA ·b (ec. 4.35)
• Temperatura del haz principal ( K): TMB=TA( 1ηMB ) ; T obsMB=T souMB·b (ec. 4.36)
• Factor de eficiencia del telescopio: ηMB=
Be f f
Fe f f (ec. 4.37)
Tabla para obtener los factores de eficiencia:
http://www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies
• ´Area integrada de la lı´nea ( K·cm·s−1):
W(en TMB)=
∫
T souMBd3=
∫
T obsMBd3·( 1b )=
∫
T obsMBd3(
θ2sou+θ
2
beam
θ2sou
)=Wobs·( 1b ) (ec. 4.38)
W(en TA)=
∫
T souMBd3=
∫
T souA d3·( 1ηMB )=
∫
T obsA d3·( 1b )( 1ηMB )=Wobs·( 1b )( 1ηMB ) (ec. 4.39)
7Se introduce el factor de dilucio´n (b) a causa de que la fuente observada tiene un taman˜o menor que el dia´metro del haz
principal del radiotelescopio.
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I Para´metros espectrosco´picos y observacionales necesarios para el D.R.:
B Para´metros teo´ricos: Subestado de simetrı´a (A, E, AA, EE,..), transicio´n
(J,Ka,Kb,Kc,3,...), frecuencia ν(MHz), fuerza de lı´nea S ul, S ulµ2i (i=a,b,c), energı´a del nivel
superior Eupp(K), coeficiente de einstein Aul(s−1), peso estadı´stico gu.
B Para´metros observacionales: dia´metro de la fuente dsou(”), a´rea integrada de la
lı´nea W(K·cm·s−1)=
∫
TMBdv
B Resultados (D.R.): Trot(K), N(cm−2).
4.3.2 Modelizacio´n con MADEX
En el procedimiento para el ana´lisis astrofı´sico, a la hora de realizar la modelizacio´n usando co´digos
de transporte de radiacio´n, lo primero que debemos considerar es la espectroscopı´a de la mole´cula.
En MADEX (Cernicharo 2012) se han introducido estos datos para ma´s de 1 200 familias de mole´culas
(incluyendo las variantes isotopo´logas y los estados vibracionales son ma´s de 5 800 especies). Con ello,
para todo ese nu´mero de especies, disponemos en un mismo co´digo de la informacio´n acerca de las
constantes de rotacio´n, las frecuencias de las transiciones, las energı´as de las transiciones, las fuerzas
de lı´nea y, en algunos casos, los coeficientes de colisio´n de la mole´cula (sin este dato, el ca´lculo del
transporte radiativo so´lo puede evaluarse en aproximacio´n LTE).
El co´digo MADEX esta´ desarrollado, de manera que, introduciendo las condiciones fı´sicas del
medio y las caracterı´sticas del telescopio, obtenemos el espectro de la mole´cula que elijamos bajo esas
condiciones: el co´digo calcula las temperaturas de excitacio´n, las profundidades o´pticas y la intensidad
de la lı´nea. MADEX es el co´digo que hace de nexo entre los para´metros teo´ricos de laboratorio y aquellos
observacionales o astrofı´sicos, permitiendo desarrollar modelos fı´sico-quı´micos de nuestro objeto de
estudio de nuestro mediante el ajuste del espectro sinte´tico generado a la observacio´n. Adema´s, podemos
sumar la contribucio´n de todas las componentes fı´sicas de la nube a la intensidad de una lı´nea (algo muy
u´til en el caso de Orio´n-KL).
Para poder obtener los resultados de las densidades de columna promediados sobre el taman˜o de la
fuente, fijamos el dia´metro de la misma con un modelo que supone una estructura de capas esfe´ricas.
Otro para´metro que fijaremos es el dia´metro del telescopio; con ambos para´metros, el co´digo calcula la
dilucio´n.
De este modo, teniendo en cuenta las caracterı´sticas de la mole´cula y los para´mentros que hemos
fijado para las condiciones fı´sicas de las componentes de Orio´n-KL, podemos reproducir los espectros
observados variando u´nicamente la columna de densidad y la temperatura. Este proceso tambie´n tendra´
un cara´cter iterativo, y tanto los para´metros fı´sicos (como la temperatura o la densidad del medio) como
los observacionales (velocidades radiales y anchuras de las lı´neas) podra´n irse refinando en sucesivos
ajustes.
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4.4 Metodologı´a: Ana´lisis de Laboratorio
4.4.1 Espectroscopı´a rotacional en el laboratorio
Identificar especies moleculares en el medio interestelar haciendo uso de radiotelescopios, requiere
conocer las frecuencias de sus transiciones rotacionales que se pueden asignar gracias al trabajo de
laboratorio. El procedimiento de laboratorio para la caracterizacio´n de mole´culas con intere´s astrofı´sico,
consiste en un laborioso trabajo experimental que incluye ca´lculos mecano-cuan´ticos y la evaluacio´n
de las condiciones o´ptimas que garanticen la obtencio´n de un espectro teo´rico fiable. Muchas de las
lı´neas no identificadas en el espectro de nuestra fuente astrofı´sica, se corresponden con estados excitados
vibracionalmente e isotopo´logos de mole´culas que son abundantes en el ISM, de las cuales no se conocı´a
de manera precisa su espectroscopı´a. Esto nos llevo´ a estudiar en el laboratorio los estados excitados de
CH3CH2CN y CH2CHCN.
La estructura de las mole´culas determina su espectroscopı´a, que dependera´ de para´metros estructurales
como los a´ngulos de enlace y las distancias internucleares entre los a´tomos que constituyen la mole´cula.
Esto afecta a los momentos de inercia y a los momentos dipolares ele´ctricos de la misma.
4.4.2 Espectroscopı´a (sub)milime´trica (QUIFIMA-UVA)
En el laboratorio, podemos caracterizar el espectro rotacional (en nuestro caso) de un gas mediante el
uso de espectroscopı´a microondas/milime´trica/submilime´trica, a partir de una muestra (una vez sometida
a condiciones de P y T o´ptimas en un sistema de refrigeracio´n y vacı´o) en una celda de absorcio´n
de un espectro´metro microondas (Fig. 4.6a). El espectro´metro se basa en una fuente de radiacio´n
monocroma´tica coherente que atraviesa una celda de absorcio´n (de 2 m de longitud), de modo que un
detector situado a la salida de la misma mide el nivel de potencia de la radiacio´n, la cual es amplificada y
enviada a un detector sı´ncrono para obtener el espectro en funcio´n de la frecuencia de barrido. La fuente
de radiacio´n microondas se trata de un oscilador de onda regresiva (BWO, Backward-Wave Oscilator8) o
bien un oscilador de tecnologı´a Agilent. La fuente de radiacio´n se sincroniza con respecto a un oscilador
de referencia o sintetizador mediante un lazo de fase. Esta te´cnica puede hacer uso de tres opciones
de modulacio´n de la sen˜al en el rango de 8 a 100 GHz: la modulacio´n por efecto Stark, la modulacio´n
por frecuencia, y la modulacio´n por doble resonancia. Los rangos de frecuencia medidos dependen del
detector a la salida de la celda.
A trave´s de esta te´cnica, se calculan las constantes rotacionales, que se utilizan para predecir las
frecuencias de las lı´neas pertenecientes a diferentes estados de energı´a. Adema´s para ampliar el rango
de frecuencias del espectro´metro, se recurre a una fuente de modulacio´n de ondas milime´tricas (MMW,
Fig. 4.6b) que opera con una configuracio´n de haz doble o sencillo entre 50 y 1080 GHz (QUIFIMA-
UVA). Para este sistema la fuente de radiacio´n es un generador de sen˜al modulada por frecuencia. El
procedimiento general para detectar estados excitados vibracionalmente, consiste en barrer el espectro
en el rango en el que esta´ el estado fundamental. Posteriormente seleccionamos un rango de frecuencias
8Son osciladores de onda regresiva y actu´an de fuentes de radiacio´n microondas al producirse la interaccio´n de un haz
electro´nico (electrones acelerados que emiten radiacio´n termoio´nica) y una estructura helicoidal que provoca una modulacio´n
de velocidad en el haz, de manera que agrupa los electrones en intervalos regulares de una determinada longitud de onda, para
que se muevan hacia el colector. Los campos ele´ctricos que se generan aparecen fuera de la he´lice y el potencial de aceleracio´n
de los mismos hace que se produzca una onda de retroceso en la he´lice, generando ası´ una sen˜al microondas/(sub)milime´trica
a una frecuencia de oscilacio´n bloqueada a un armo´nico concreto.
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para buscar un estado excitado. Esta bu´squeda se realiza en funcio´n de las predicciones iniciales de las
constantes rotacionales y se van mejorando con nuevas asignaciones.
Figura 4.6: Espectro´metros utilizados para el estudio de mole´culas en el ISM: (a) Espectro´metro de
microondas (modulacio´n Stark), y (b) de ondas milime´tricas y submilime´tricas (fuente de modulacio´n).
Vamos a mostrar las caracterı´sticas principales de las tres opciones de modulacio´n de la sen˜al, que
tienen como objetivo principal convertir la sen˜al a la salida del detector en voltaje de salida.
Por un lado, la modulacio´n por efecto Stark o modulacio´n Stark se basa en la perturbacio´n de niveles
por efecto Stark mediante la aplicacio´n de un voltaje determinado (debido a la aplicacio´n de un campo
ele´ctrico entre el se´ptum meta´lico −debajo del centro de la celda− y las paredes de la celda de absorcio´n),
suministrando un campo de onda cuadrada en la celda de absorcio´n. Esta modulacio´n no es va´lida para
pequen˜as diferencias de energı´a entre transiciones, y por tanto es adecuado para medir transiciones con
nu´meros cua´nticos rotacionales de J pequen˜os.
Otro tipo de modulacio´n, es la modulacio´n por frecuencia, una te´cnica a la cual se recurre
para realizar medidas de nu´meros cua´nticos rotacionales de J grandes, es decir para frecuencias
elevadas, de modo que, acoplado a un sistema de modulacio´n microondas o milime´trica, se situ´an unos
preamplificadores unidos a la modulacio´n de frecuencias.
Y la otra te´cnica de modulacio´n, es la modulacio´n por doble resonancia. El fundamento de la doble
resonancia es sustraer la sen˜al de las transiciones K−dobletes que nos interesan del resto de sen˜ales, para
lo cual suministramos una radio-frecuencia en sen˜ales de onda cuadrada, modulando sen˜ales ON/OFF
de 33.333 KHz. Consta de un generador de radio-frecuencias acoplado a una celda de Stark, y consiste
en el bombeo de niveles o transiciones degeneradas por modulacio´n de radio-frecuencia de resonancia.
Esta te´cnica se utiliza en el caso de espectros complejos de rotacio´n o bien con gran cantidad de lı´neas,
y es va´lida para pequen˜as diferencias de energı´a entre las transiciones. La radio-frecuencia utilizada
para modular las transiciones del estado fundamental sirve tambie´n para modular los estados excitados
vibracionales, puesto que la separacio´n energe´tica de niveles permanece pra´cticamente inalterada. Una
alternativa en el caso de los K−dobletes en la que los niveles de rotacio´n se situ´an como los niveles de la
frecuencia adjunta, es utilizar una radiofrecuencia o frecuencia modulada en AM (amplitud modulada),
de manera que module u´nicamente dicha transicio´n en el espectro de rotacio´n.
El osciloscopio nos ayuda a optimizar la lı´nea haciendo uso de un generador de onda cuadrada. En
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el caso de un generador de onda cuadrada externo (Stark externo) se modifica el voltaje para buscar el
ma´ximo de intensidad de la lı´nea. Normalmente se suele coger una lı´nea intensa y conocida, como la
frecuencia de un estado fundamental, y se optimiza. Aunque tambie´n podrı´a hacerse con la transicio´n de
un estado excitado, que acabasemos de detectar, y optimizar al ma´ximo sus condiciones.
Respecto a la introduccio´n de la muestra en el sistema, es necesario que permanezca en fase gas en el
sistema para llevar a cabo experimentos de absorcio´n. Para ello, inicialmente la muestra en estado lı´quido
es sometida a una serie de ciclos de presio´n (con llave de vacı´o) y temperatura (con N2 lı´quido) o´ptimas
que permiten tener la muestra lo ma´s pura posible. Ası´mismo, las ventanas para transmitir la radiacio´n
en la regio´n microondas o milime´trica deben ser de mica y situarse en cualquiera de los extremos de la
celda de absorcio´n.
4.4.3 Procedimiento: prediccio´n de frecuencias de las lı´neas rotacionales
Los ca´lculos ab-initio resuelven el hamiltoniano efectivo por medio de me´todos computacionales, tras
aplicar una serie de aproximaciones que simplifican su expresio´n.
La prediccio´n de las frecuencias de las transiciones rotacionales durante el trabajo de asignacio´n
e identificacio´n de las lı´neas espectrales de las mole´culas, incluyendo la asignacio´n de los modos
vibracionales, es en definitiva un proceso iterativo partiendo de los ca´lculos mecano-cua´nticos
para mejorar el hamiltoniano efectivo que describe a la mole´cula, al ir introduciendo transiciones
rotacionales significativas (en cuanto a sus nu´meros cua´nticos) y constantes de distorsio´n centrı´fuga,
e incluso correcciones se´xticas y o´cticas, en el ajuste de las lı´neas de laboratorio (SPFIT/SPCAT). Un
procedimiento que, como ya se ha indicado, al completarse con el ana´lisis astrofı´sico, puede ayudar
a confirmar la asignacio´n de ciertas lı´neas espectrales de una mole´cula y sus estados vibracionales e
isotopo´logos.
Capı´tulo 5
Trabajos publicados
En este capı´tulo mostrare´ los trabajos publicados en los que he participado a lo largo de mi periodo
de estudiante de doctorado. La tesis se presenta en formato publicaciones, pues pensamos que estos
artı´culos son la mejor prueba del trabajo realizado. Las explicaciones ma´s rigurosas de la investigacio´n
que hemos llevado a cabo esta´n contenidas en estos trabajos y es allı´ donde se encuentra la magnitud de
todo el trabajo realizado. Sin embargo, al comienzo de cada artı´culo incluiremos una breve introduccio´n
al mismo, donde resaltaremos las aportaciones ma´s destacadas del trabajo que se presenta. Tras la
presentacio´n de todas las publicaciones, se llevara´ a cabo una breve discusio´n de los resultados y las
conclusiones ma´s importantes de estos trabajos.
5.1 Caracterizacio´n en el laboratorio y deteccio´n astrofı´sica de estados
vibracionalmente excitados de cianuro de etilo
El artı´culo veremos a continuacio´n fue publicado en la revista The Astrophysical Journal en el
an˜o 2013. Como ya hemos indicado en la introduccio´n, uno de los principales objetivos del ana´lisis
del barrido espectral sobre Orio´n-KL de Tercero et al. (2010), era la identificacio´n de multitud de
caracterı´sticas espectrales detectadas, que no correspondı´an con ninguna especie cuya espectroscopı´a
fuera conocida. En los artı´culo de Demyk et al. (2007) y Margule`s et al. (2009) se detectaron en
Orio´n-KL y por primera vez en el espacio las especies correspondientes a los isotopo´logos 13C y 15N
de CH3CH2CN (cianuro de etilo) por medio de ma´s de 800 lı´neas previamente no identificadas en el
barrido espectral. Con ello quedo´ demostrado que los isotopo´logos y estado excitados de baja energı´a de
especies abundantes en la regio´n, contribuirı´an con un gran nu´mero de caracterı´sticas espectrales en los
barridos espectrales de este tipo de regiones.
En este punto, el siguiente paso consistı´a en la caracterizacio´n de los estados vibracionalmente
excitados de CH3CH2CN en el laboratorio. Como tambie´n hemos apuntado previamente, las condiciones
fı´sicas de las regiones de formacio´n de estrellas masivas, son favorables para que se produzca la poblacio´n
de niveles excitados. El estado 313/321 cuya energı´a se encuentra a 315.4 K sobre el estado fundamental,
ya habı´a sido detectado en Sgr B2 (regio´n de formacio´n de estrellas masivas en el centro de la galaxia)
por Mehringer et al. (2004). En el presente artı´culo se caracterizaron los niveles 320 = 1 y 312 = 1 que
se encuentran a una energı´a de 531.2 y 763.4 K respecto al estado fundamental, respectivamente. Para
desarrollar este trabajo, realice´ una estancia de tres meses en el Laboratorio de Espectroscopı´a Molecular
de la Universidad de Valladolid.
Tras el trabajo de laboratorio y una vez obtenido el espectro rotacional de CH3CH2CN 320 = 1 y
312 = 1, detectamos por primera vez en el espacio y en el barrido espectral de Orio´n-KL estas especies.
Este resultado supuso, por un lado, una contribucio´n muy importante para el ana´lisis de fuentes similares
en el medio interestelar, ya que contribuimos a mitigar el nu´mero de lı´neas sin identificar en los espectros
obtenidos. Esto es particularmente relevante para las observaciones de alta sensibilidad, como las que
se pueden llevar a cabo con el interfero´metro ALMA. Por otro lado, mediante la deteccio´n de una gran
cantidad de isotopo´logos y estados vibracionalmente excitados de una mole´cula, se puede llevar a cabo un
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estudio riguroso sobre las condiciones fı´sicas de la fuente. Esto es lo que hicimos en la segunda parte del
artı´culo, mediante la construccio´n de diagramas rotacionales y de la modelizacio´n del espectro observado
usando MADEX. Con ello fuimos capaces de derivar tanto temperaturas rotacionales y abundancias,
como abundancias isoto´picas o temperaturas vibracionales. Todo ello nos proporciona una visio´n ma´s
profunda de la regio´n de estudio.
A continuacio´n mostramos este artı´culo. En e´l se puede encontrar la descripcio´n detallada del trabajo
realizado. En el Ape´ndice A se muestran las tablas que forman parte del contenido online del artı´culo y
que se pueden encontrar en la base de datos CDS (centro de datos astrono´micos de Estrasburgo)1.
1http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/ApJ/768/81
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ABSTRACT
Ethyl cyanide, CH3CH2CN, is an important interstellar molecule with a very dense rotational–vibrational spectrum.
On the basis of new laboratory data in the range of 17–605 GHz and ab initio calculations, two new vibrational
states, ν12 and ν20, have been detected in molecular clouds of Orion. Laboratory data consist of Stark spectroscopy
(17–110 GHz) and frequency-modulated spectrometers (GEM laboratory in Valladolid: 17–170, 270–360 GHz;
Toyama: 26–200 GHz; Emory: 200–240 GHz; Ohio State: 258–368 GHz; and JPL: 270–318, 395–605 GHz). More
than 700 distinct lines of each species were measured in J up to 71 and in Ka up to 25. The states were fitted with
Watson’s S-reduction Hamiltonian. The two new states have been identified in the interstellar medium toward the
Orion Nebula (Orion KL). The ground state, the isotopologues of CH3CH2CN, and the vibrationally excited states
have been fitted to obtain column densities and to derive vibrational temperatures. All together, ethyl cyanide is
responsible for more than 2000 lines in the observed frequency range of 80–280 GHz.
Key words: ISM: abundances – ISM: individual objects (Orion KL) – ISM: molecules – line: identification –
surveys
Online-only material: color figures, machine-readable tables
1. INTRODUCTION
Ethyl cyanide, CH3CH2CN, was first identified by Johnson
et al. (1977) in the Orion Nebula and has subsequently been
identified in several other high-mass star-forming regions (Miao
& Snyder 1997; Cazaux et al. 2003). The isotopologues 13C and
15N in their ground state have been detected in Orion (Demyk
et al. 2007; Margule`s et al. 2009) using the line survey between
80 and 280 GHz carried out with the 30 m radio telescope of
the Institute de Radio Astronomie Mille´trique (IRAM; Tercero
et al. 2010, 2011, 2012). The density of lines in this source, as
observed with the 30 m telescope, makes this frequency survey a
line confusion-limited one, despite very short integration times,
and produces a forest of lines arising from isotopologues and
vibrationally excited states of abundant species such as ethyl
cyanide, methyl formate (Carvajal et al. 2009; Margule`s et al.
2010; Kobayashi et al. 2007; Demyk et al. 2008; Tercero et al.
2012), methanol, SiS, SiO, OCS, CS, HCO+, etc. (see, e.g.,
Tercero et al. 2010, 2011). If all the weak lines produced by these
species are not identified and assigned, the quest for chemical
complexity stops for line intensities larger than 1 K in sources
such as Orion, and the detection of new molecular species
becomes a very hard task. In Orion, Tercero and collaborators
used values for the intensity of lines that are above the confusion
limit of 0.03, 0.05, and 0.1 K (in antenna temperature) at 3, 2,
and 1.3 mm wavelengths, respectively; values that are reached
in a few minutes of observing time. The number of features
in the line survey above these limits exceeds 15,000, and after
assignment of the obvious features to the most abundant species
(45 molecules), 4000 lines remain to be identified.
The detection of the isotopic species of ethyl cyanide
(Demyk et al. 2007; Margule`s et al. 2009) and the very in-
tense spectrum measured of the parent species suggests that
highly excited vibrational states of ethyl cyanide could be
present in this source. This has been the case for objects with
similar physical conditions such as Sgr B2, where Mehringer
et al. (2004) have reported the detection of the in-plane bend-
ing vibration, ν13 = 1, and the ν21 = 1 torsional state toward
Sgr B2(N-LMH). The increase in sensitivity of instruments such
as ALMA and the opening of new spectral windows from space
observatories (Herschel) will rely on the assignment of the low-
lying vibrational states of abundant molecules to penetrate the
line forest they produce. Without this spectral information, the
full power of line surveys will be strongly limited and the data
produced by new instruments will not be fully exploited. High-
resolution spectroscopic work has been done for the ground
state isotopologues of abundant species, but reliable rotational
constants for a large number of low energy vibrational modes of
polyatomic molecules, such as ethyl cyanide, have yet to be pub-
lished. While the emission from isotopologues will depend on
the isotopic abundances (e.g., '40–50 for 12C/13C), the emis-
sion from low energy vibrationally excited states will depend on
the vibrational temperature. In hot cores with TK ' 200 K, the
levels around 150–200 cm−1 above the ground state will have
line intensities 1/3–1/5 of those of the ground state. A system-
atic study of the effect of temperature on the spectrums from 210
to 270 GHz and 570 to 645 GHz of this molecule has been per-
formed by Fortman et al. (2010a, 2010b), who measured 9962
strong lines of ethyl cyanide in the range of 575–645 GHz and
3000 strong lines from 210 to 260 GHz in the laboratory. Not all
of these states could be assigned to known vibrational states of
ethyl cyanide, highlighting the importance of systematic studies
that can identify vibrational states.
The ground state rotational a-type and b-type transitions
of the parent ethyl cyanide have been assigned up to J =
120, with measurements in the laboratory reaching 1.6 THz
1
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Figure 1. Vibrational states of ethyl cyanide below 700 cm−1, excluding states
made by difference.
(Pearson et al. 1994; Brauer et al. 2009). The dipole moments
have been measured recently by Krasnicki & Kisiel (2011).
Early observations of microwave transitions from excited vibra-
tional states were assigned by Duncan & Janz (1955) and the
gas-phase structure supporting the Cs symmetry was reported
by Lerner & Dailey (1957). These states were identified by
Laurie (1959) to arise from the two lowest energy states, the
torsion (ν13 at 206 cm−1) and in-plane bend (ν21 at 212 cm−1)
states, and were assigned to the A′ and A′′, respectively, in
Heise et al. (1981). The states below 700 cm−1 are shown in
Figure 1 with their respective symmetries. The two overtone
and combination bends also contribute to further complicating
the spectrum. The first relatively unperturbed state was assigned
and studied for the first time by Fukuyama et al. (1999); this
was ν20 at 373 cm−1. This study included the ground, ν13, ν21,
and ν20 in a four-state fit, and µa and µb transitions were as-
signed up to J = 16 and Ka = 4. As part of our investigation of
unassigned states of ethyl cyanide in the interstellar medium, we
have continued the assignment of this state to obtain accurate
spectroscopic constants for positive identification. The state ν12
at 534 cm−1 lies well above the three states of 2ν13, 2ν21, and
ν13 + ν21 at 410 cm−1 and just below the states at 570 cm−1 :
ν13 + ν20 and ν21 + ν20 (see Figure 1). To disentangle these states,
low frequency measurements using the Stark modulation spec-
trometer in Valladolid were performed. This technique is ideally
suited for the identification of vibrational states due to the high
sensitivity and distinct shape of the Stark pattern for each tran-
sition type. The vibrational satellite pattern around the ground
state transition was modeled using ab initio calculations to help
identify new states assigned in the Stark spectra. Fits of a previ-
ously unassigned state, ν12, and additional measurements of ν20
up to 360 GHz have provided accurate rotational and distortion
constants that have greatly aided the identification of two new
states in the clouds of Orion. Subsequently, we combined data
from the published studies of Toyoma (26–200 GHz; Fukuyama
et al. 1999), OSU (210–270 GHz; Fortman et al. 2010a), and
JPL (440–530 GHz; Pearson et al. 1994; Brauer et al. 2009) and
previously unpublished measurements at OSU (258–368 GHz),
Emory (200–240), and JPL (270–318, 395–605 GHz) to create
a fit that includes transitions up to J = 71 and Ka = 25.
The new assignments of ν20 and ν12 were used successfully
to identify both states for the first time in Orion using the data
provided by the IRAM telescope. We have included data from
this study, previously published data of the coupled state of
ν21 and ν13, and isotopic data in the ground vibrational state
to present an analysis of the relative densities of vibrationally
excited states to isotopologues in the ground vibrational state.
We provide a wide analysis of the molecule and column densities
have been calculated for all species detected from ethyl cyanide
in a consistent way.
2. EXPERIMENTAL
Ethyl cyanide was purchased from Sigma Aldrich and was
used without further purification. The sample was placed into
a glass cell and degassed using the common freeze-pump-
thaw method to remove air from the sample. Sample pres-
sure was maintained between 2–3 × 10−2 mbar or about
20 mTorr. Experiments were performed first in the frequency
range of 26–40 GHz using a newly configured computer-
controlled Stark-modulated spectrometer whose principle
components have been described in Lessari et al. (1991) and
extended to 50–110 GHz by incorporation of multipliers and
detectors from Virginia Diodes, Inc., which will be described in
detail in a later publication. For most measurements, an accu-
racy of 50 kHz for peak frequencies is given, as unresolved 14N-
nuclear quadrupole splitting is present in our measurements.
Voltages ranging from 100 to 700 V were used to sufficiently
separate the modulated signals to obtain reliable determination
of the center frequency. Scans were performed in both directions
and the sum of both scans was used for frequency determination.
The experiments performed in Valladolid with frequency
modulation (FM) from 110 to 170 GHz and 240 to 360 GHz were
carried out in a static free space glass cell with Teflon windows
fitted with ports to evacuate and maintain pressures of 20 mTorr
with a 2 m length and 12 cm diameter (Alonso et al. 1993).
Active multipliers and detectors from Virginia Diodes were
used to obtain 240–360 GHz using FM modulation, and those
detected at 2f will be described in detail soon. Software written
in LabVIEW was used to control the synthesizer (13–20 GHz)
and record the signal capable of scanning 30 GHz in 10 hr in
1 GHz sections with a step size of 50 kHz. Scans were performed
in both directions, and the average of both directions was used
for frequency measurements with an accuracy of 50 kHz. The
spectra were imported into AABS (Kisiel et al. 2005), and
frequencies were determined using a fit from a Gaussian line
shape.
Additional measurements covering 270–318 GHz and
395–605 GHz were performed at the Jet Propulsion Labora-
tory (JPL) using the spectrometer described in Drouin et al.
(2005) and Pearson et al. (2011) and at the Ohio State University
with the FASSST spectrometer covering 268–368 GHz (Petkie
et al. 1997). Some additional spectra covering 200–240 GHz
were collected at Emory University and (the study peak list of
Fukuyama et al. 1996) covering 26–200 GHz was utilized. Lines
measured at JPL and Emory were peak picked and are assumed
to be accurate to 50 kHz, with strong isolated lines being signif-
icantly more accurate. The spectrum in the JPL measurements
above 270 GHz is line confused, assuring that lines are almost
never isolated. The FASSST lines were collected with an early
version of the system and are only accurate to 200 kHz. Agree-
ment between common measurements suggests that the asserted
accuracies are, on average, reasonable.
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Table 1
Scaled Values of ab initio Predictions for the Ground State and the
Vibrational States ν20 and ν12
G.S. ν20 ν12
∆E (cm−1) 0 369 530
A (MHz) 27663.7 28374.9 27423.1
B (MHz) 4714.2 4716.6 4708.3
C (MHz) 4225.1 4240.8 4229.0
Note. Method MP2/6−311++G(d,p).
3. ASSIGNMENT OF THE EXCITED STATES
3.1. Identification of ν12
Ethyl cyanide, µa = 3.816(3) D and µb = 1.235(1) D
(Krasnicki & Kisiel 2011), has a strong a-type spectra and is
dominated by strong a-type R-branch transitions in the region
below 700 GHz. For this reason, long scans with the Stark spec-
trometer experiments were performed at room temperature at
pressures of 20 mTorr concentrated on the Ka = 1 transitions
of J = 2–8. As expected, several signals with the same Stark
shape as the ground state transition were observed. Using the
Fukuyama data, transitions assigned to ν13, ν21, and ν20 were
readily identified. Unknown signals were recorded and prelimi-
nary fits were made. To help understand which vibrational states
may be present, optimization and frequency calculations were
performed with MP2/6−311++G** in the Gaussian09 (Frisch
et al. 2009) suite using an anharmonic potential. This calcu-
lation will give the first-order correction to the ground state
rotational constants and can be used to simulate the data with
columns, αAi αBi αCi . Vibrationally averaged rotational constants
are given as the sum, Ae−∑ni=0(αAi )(v+1/2). Since the ground
state rotational constants are well known, the difference be-
tween the predicted and calculated rotational constants can be
added to each state to effectively shift all the states equally. This
is summarized in Table 1 for the states ν20 = 1 and ν12 = 1.
An example spectrum is shown in Figure 2 with the simulated
spectrum produced from ab initio calculations using MP2/
6−311++G** (Frisch et al. 2009) for the 717–616. The intensities
of the lines were estimated using the vibrational partition
function and are scaled by the ground state to 1.
A comparison of the ab initio predicted values shows both
excellent predictions for the assigned ν20 and ν13 states in the
frequency up to J = 8, and a poor prediction of the placement
of the ν21 state. The poor prediction for the ν21 state is due to a
∆K = 2 resonance with ν13 = 1, which the ab initio calculation
does not take into account. Also, it is clear from the spectra that
there are no equally spaced progressions for any of the assigned
states. The rotational transitions from the three states assigned
by Fukuyama et al. (1999) are consistently higher in frequency
than the ground state as measured up to J = 8. A transition
consistently lower in frequency was observed. A fit was made
of A, B, C as adjustable parameters with the distortion constants
fixed to the ground state values given in Brauer et al. (2009)
using SPFIT (Pickett 1991). The rotational constants obtained
were consistent with the predicted values of ν12. At a given
transition, the ν12 CCC bending state lies at lower frequency than
the ground state and all the other known low-lying vibrational
states. Additionally, it exhibits no measurable torsional splittings
in any of the transitions observed. As a result, the transitions are
all single lines, giving them comparable intensity to torsionally
split transitions lying 200 cm−1 lower in energy. The a-type
Table 2
Summary of s-representation
Experimental
ν12 ν20
A (MHz) 28081.9841(95) 27445.4006(86)
B (MHz) 4707.35767(23) 4715.64665(32)
C (MHz) 4228.63011(19) 4240.78292(31)
DJ × 103 (kHz) 2.980519(84) 3.01522(19)
DJK (kHz) −48.3584(50) −46.5397(26)
DK (kHz) 582.3(15) 518.14(94)
d1 (kHz) −0.680293(43) −0.68374(11)
d2 (kHz) −0.033681(40) −0.027800(27)
HJ (kHz) 0.009274(13) 0.009299(59)
HKJ (Hz) −0.956(27) −1.330(11)
HJK (Hz) . . . −0.1430(30)
HK (Hz) −976. (23) −296.(26)
h1 (Hz) 0.0037837(71) 0.003950(40)
h2 (Hz) 0.0003052(68) . . .
h3 (Hz) 0.0000431(38) . . .
LJ (mHz) . . . −0.0000456(61)
LJJK (mHz) −0.00781(15) . . .
LJK (mHz) −2.1412(39) . . .
LK (mHz) 8232. (71) . . .
l1 (mHz) . . . −0.0000276(44)
l2 (mHz) . . . 0.0000538(10)
l3 (mHz) . . . 0.00001561 (63)
PJK (µHz) 0.0562 (14) . . .
σfit (MHz) 0.087 0.095
σrms (MHz) 1.60 1.65
Ntotal/Nexcluded 1109/128 971/180
Note. Lines excluded based on a measured frequency greater than five times the
assigned uncertainty.
R-branch is well separated from the ground state, which makes
the assignments relatively straightforward.
We were able to include lines from ν20 in the Stark spectrum
after re-fitting the Fukuyama et al. (1999) data with several
blended lines removed. This state was included in a global fit in
that study, but the reference uses a structural model that does not
allow for easy calculation of unmeasured transitions. Transitions
of a-type R-branch and b-type Q-branch were measured for both
states in the region of 17–110 GHz using Stark spectrometer data
and 110–170 GHz using FM modulation. Predictions were made
for the region of 240–360 GHz and a record of this range was
made. These data were fit with the Watson S-reduction (Watson
1977) using SPFIT, with 265 transitions eventually included in
the fit using the combined Stark and FM modulation data up to
360 GHz.
3.2. Assignment of ν12 and ν20 to 605 GHz
We have compiled the data from several sources in the liter-
ature of OSU (Fortman et al. 2010b) combined with Fukuyama
et al. (1996), Pearson et al. (1994), and Brauer et al. (2009),
which allowed us to extend the fit to JPL 605 GHz including
transitions up to J = 71, Ka = 25 using the S-reduction. Both
reductions were shown to give similar results in the study of the
ground state.
These assignments were fit using the Hamiltonian in the
S-reduction, including the octic (P8) and a single decic term,
PJK , which are centrifugal constants for a semi-rigid molecule,
and are given in Table 2. Tables of all the assigned transitions
are given in the online journal for both states (tables sorted
3
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Figure 2. Plot of the 717–616 scan using the Stark spectrometer and ab initio simulation of the data, above and below, respectively. Rotational constants used to predict
the transitions are shifted by the ground state difference between prediction and experimental. Intensities are estimated using the vibrational partition function and
have been scaled to the ground state. The graph is expanded to show the excited states.
(A color version of this figure is available in the online journal.)
by frequency and quantum number for ν20 and ν12 given in
Tables 4–7). Excluding internal rotation and other types of
coupling, are given as
H = AJ 2a + BJ
2
b + CJ
2
c −DJ J
4 −DJKJ
2J 2c
−DKJ
4
c + d1J
2(J 2+ + J 2−) + d2(J 4+ − J 4−)
+ HJ J
6 + HJKJ
4J 2c + HKJ J
2J 4c + HKJ
6
c
+ h1J
4(J 2+ + J 2−) + h2J 2(J 4+ − J 4−) + h3(J 6+ − J 6−)
+ LJ J
8 + LJJKJ
6J 2c + LJKJ
4J 4c + LKKJ J
2J 6c
+ LKJ
8 + l1J
6(J 2+ + J 2−) + l2J 4(J 4+ − J 4−)
+ l3J
2(J 6+ − J 6−) + l4(J 8+ − J 8−) + PJKJ 6J 4c .
In the ν20 and ν12 states, there are several Ka states that were
found to be perturbed and have significant deviation from the fit
or are split due to internal rotation. Lines were not included in the
fit if the difference between predicted and assigned was found
to be more than five times the assigned uncertainty. Torsional
splittings were observed in all ν20 b-type transitions reported
by Fukuyama et al. (1999), and they are observed in a-type
transitions with Ka = 2, Ka = 3, and Ka = 12–14. Significant
deviations for small ranges of J are observed for ν20 in Ka =
4,6,7,11,12,14,15,16 and for the states Ka = 12,13 in ν12. The
torsional effects observed in ν20 are an order of magnitude larger
than those observed in the ground state. It is known that the
couplings between ν20 and 2ν21 and ν20 and 2ν13 are weak.
However, it is possible that there is a much stronger interaction
with the same symmetry combination band ν21 + ν13 that leads
to the deviations in the Ka states. If the interaction originates
from a quanta in the torsional state, the splitting, which has been
ignored in this study, might be inverted relative to the normal
ground state. The spectrum of ν20 and ν12 up to 605 GHz has
been fit to be independent of any coupling from another torsion
state (2ν21 412 cm−1, 2ν13 414 cm−1 and ν13 + ν21 419 cm−1,
and ν20+ ν13 570 cm−1 and ν20+ ν21 574 cm−1, respectively).
The lowest three states are most likely coupled with ν20 and the
upper two are suspected to be coupled with ν12. Future studies
with clear assignments of 2ν21, 2ν13, and ν13 + ν21 may reveal
the extent of coupling for the excited vibrational state of ν20.
A similar exercise would be required for ν20 + ν13 and ν20 +
ν21 to determine the extent of interactions with ν12, but for the
purposes of astronomical assignments of the a-type spectrum
to 300 GHz, these difficult steps can be neglected—though
at higher frequencies than reported here ν12 clearly becomes
perturbed.
There are several important points in utilizing the present
analysis for astronomical searches. First, we have neglected the
torsional splittings of the b-type transitions in the ν20 state. The
b-type transitions in the ν20 state are all split by a few MHz,
and the constants will give what we believe is the A-state line.
Confirming that it is in fact the A-line will require understanding
the origin of the torsional splittings, which is beyond the scope
of the present effort. Second, interactions with higher states
were neglected and very few b-type transitions changing K were
included. As such, the HK and LK constants are not going to
accurately predict the higher K b-type transitions. It is known
that assignment of the high frequency b-type R-branch spectrum
based on the present work is impossible. Finally, the spectrum
becomes progressively more perturbed with increasing J, with
the interactions spreading rapidly to lower K values. However,
the majority of a-type R branches are predicted sufficiently well
for astronomical assignments.
4. CH3CH2CN IN ORION KL
4.1. Observations and Overall Results of the Line Survey
Astronomical observations were carried out with the IRAM
30 m telescope from 2004 September to 2007 January in
four different sessions, pointing toward the IRc2 source at
α2000.0 = 5h35m14.s5, δ2000.0 = −5◦22′30.′′0 (J2000.0). Four SiS
receivers were operating simultaneously at 3, 2, and 1.3 mm.
Image side band rejections and system temperatures were in the
ranges of 13–27 dB and 100–800 K, respectively, for all the
frequency range covered. The calibration of the intensity scale
was performed using two absorbers at different temperatures and
4
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Table 3
Physical-chemical Conditions of Orion-KL from CH3CH2CN
Hot Core 1 Hot Core 2 Hot Core 3
dsou (′′) 4 10 25
Offset (′′) 5 5 5
vexp (km s−1) 5 13 22
vLSR (km s−1) 5 3 3
TETL (K) 275 110 65
N(CH3CH2CN) (cm−2) (3.0 ± 0.9) × 1016 (8 ± 2) × 1015 (3.0 ± 0.9) × 1015
N(CH3CH2CN ν13 = 1/ν21 = 1) (cm−2) (4 ± 1) × 1015 (1.1 ± 0.3) × 1015 (4 ± 1) × 1014
N(CH3CH2CN ν20) (cm−2) (1.7 ± 0.5) × 1015 (4 ± 1) × 1014 (1.7 ± 0.5) × 1014
N(CH3CH2CN ν12) (cm−2) (6 ± 3) × 1014 (1.6 ± 0.5) × 1014 (6 ± 3) × 1013
N(13CH3CH2CN) (cm−2) (7 ± 2) × 1014 (1.9 ± 0.6) × 1014 (7 ± 2) × 1013
N(CH133 CH2CN) (cm−2) (7 ± 2) × 1014 (1.9 ± 0.6) × 1014 (7 ± 2) × 1013
N(CH3CH132 CN) (cm−2) (7 ± 2) × 1014 (1.9 ± 0.6) × 1014 (7 ± 2) × 1013
N(CH3CH2C15N) (cm−2) (2 ± 1) × 1014 (5 ± 3) × 1013 (1.7 ± 0.8) × 1013
N(A-CH2DCH2CN) (cm−2) 6 6 × 1014 6 2 × 1014 6 6 × 1013
N(S-CH2DCH2CN) (cm−2) 6 7 × 1014 6 1 × 1014 6 6 × 1013
N(CH3CHDCN) (cm−2) 6 6 × 1014 6 2 × 1014 6 6 × 1013
Note. Physical-chemical conditions of Orion-KL from the analysis of ethyl cyanide emission lines in the range of 80–280 GHz.
the atmospheric transmission model (Cernicharo 1985; Pardo
et al. 2001b). Observations were made in the balanced wobbler-
switching mode, with a wobbling frequency of 0.5 Hz and
a beam throw in the azimuth of ±240′′. Quasars 0420−014
and 0528+134 were used to check pointing and focus. All
spectra have 1 or 1.25 MHz of spectral resolution. As backends,
two filter banks with 512 × 1 MHz channels and a correlator
providing two 512 MHz bandwidths and 1.25 MHz resolution
were used.
For further description of the observations and data reduction
see Tercero et al. (2010).
Within the frequency domains 80–115.5, 130–178, and
196–281 GHz (168 GHz bandwidth covered), more than 15,000
spectral features have been detected. We found a total of 45
molecules, including 191 different isotopologues and vibra-
tionally excited states. To date, more than 4000 spectral features
are still unidentified (Tercero et al. 2010, 2011).
In the analysis of the emission lines of this line survey by
Gaussian fits, we mainly found, in agreement with previous
works, four different components characterized by different
physical and chemical conditions (see Blake et al. 1987, 1996;
Tercero et al. 2010, 2011, and references therein): (1) the
extended ridge or ambient cloud (Tk ' 60 K, n(H2)' 105 cm−3)
at vLSR ' 9 km s−1 and ∆v ' 4 km s−1 traced by emission of
simple molecules such us CO, CS, NS, or CCH; (2) the compact
ridge (vLSR ' 8 km s−1, ∆v ' 3 km s−1, Tk ' 110 K, n(H2) '
106 cm−3), a compact region rich in oxygen bearing and complex
molecules such as HCOOCH3, CH3OH, and CH3OCH3 that was
identified for the first time by Johansson et al. (1984); (3) the
plateau, a mixture of outflows, shocks, and interactions with the
ambient cloud (vLSR ' 6–10 km s−1, ∆v & 25 km s−1, Tk '
150 K, n(H2) ' 106 cm−3). This component is traced by
molecules produced in shock chemistry (SO, SO2, or SiO); and
(4) a hot core component (vLSR ' 5 km s−1, ∆v∼ 10 km s−1,
Tk ' 225 K, n(H2) ' 5 × 107 cm−3) characterized by a N-rich
chemistry. Molecules such as ethyl cyanide come mainly from
this component.
4.1.1. 2D Survey Observations
In addition to the single pixel line survey of Orion KL, we
also performed a 2D line survey between 210 and 275 GHz in
2008 and 2010. The maps covered an area of 140× 140 arcsec2
with a sampling of 4 arcsec. The observations were performed
using the On-The-Fly mapping mode with reference position 10
arcmin west of Orion KL. This 2D line survey has been used
to select different transitions of CH3CH2CN and to study the
spatial extent of its emission. The EMIR single pixel heterodyne
receivers were used for all observations except for the 220 GHz
frequency setting, for which the HERA receiver array was
used. The WILMA backend spectrometer was used for all
observations, with a total bandwidth of 4 GHz and a spectral
resolution of 2 MHz, corresponding to velocity resolutions
of 5.4–2.5 km s−1 at 110 and 239 GHz, respectively. The
telescope pointing was checked every 2 hr and found to have
errors of typically less than 3 arcsec. The data were processed
using the IRAM GILDAS software package.5 Data reduction
consisted of removing bad pixels, checking for image sideband
contamination and emission from the reference position, and
fitting and removing first-order baselines.
4.2. Detection of Excited Vibrational States and Isotopologues
4.2.1. Detection
The new laboratory and theoretical work presented above
allows us to detect two new species (ν20 and ν12 vibrationally
excited states of ethyl cyanide) in our line survey and for the first
time in space. In the following sections, we will focus on the
analysis of the detected spectral features from all species of ethyl
cyanide (ground state, isotopologues, and vibrationally excited
states). This analysis follows the proceedings of our previous
works (Tercero et al. 2010, 2011, 2012; Demyk et al. 2007;
Margule`s et al. 2009, 2010; Carvajal et al. 2009; Motiyenko
et al. 2012).
Ethyl cyanide (CH3CH2CN) shows emission from a large
number of lines in this frequency band. Line detections
in our survey include the ground vibrational state of
five isotopologues (CH3CH2CN, 13CH3CH2CN, CH133 CH2CN,
CH3CH132 CN, CH3CH2C15N; Demyk et al. 2007; Margule`s et al.
2009), plus four vibrationally excited states of the main iso-
topologue (ν13 = 1/ν21 = 1; ν12: torsion in the plane; and ν20:
5 http://www.iram.fr/IRAMFR/GILDAS
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Figure 3. Observed lines from Orion KL (histogram spectra) and the model (thin curves) of ethyl cyanide in the ground state.
(A color version of this figure is available in the online journal.)
torsion out of the plane). The last two were detected here for
the first time in space. Only a tentative detection is presented
for the deuterated species, A/S-CH2DCH2CN and CH3CHDCN
(Margule`s et al. 2009), because of the weakness of the features
and/or their overlap with other spectral lines.
Isotopologue species have been characterized in Demyk
et al. (2007) and Margule`s et al. (2009). Here, we present
observed line parameters and intensities, as well as the predicted
frequencies, for all lines that are not strongly blended with
other species from the vibrationally excited states (Tables 8–10
in the online version). In this paper, we provide a wide
analysis of the molecule, and the column densities have been
calculated in a consistent way for all species detected from ethyl
cyanide.
The rotational constants were implemented in the MADEX
code (Cernicharo 2012), which was used to calculate the
emerging spectrum from the four cloud components. Table 10
gives the line intensity derived from the model predictions.
In Tables 8–10, the observed brightness temperature has been
obtained from the peak emission channel in the spectra. For that,
the observed main beam temperature of weak blended lines is
affected by the emission of the molecules that overlap in the
same feature and this value, in those cases, has to be considered
an upper limit. Hence, we have not showed highly blended
lines in those tables. Nevertheless, the predicted intensities
agree with the observations of the detected lines (see below,
Figure 4).
For strong non-blended lines, we also provide the parameters
of the lines derived by fitting Gaussian profiles with CLASS
software.6 We note that the line parameters for these stronger
lines match those of the hot core component. For the two new
detected vibrationally excited states, ν20 and ν12, we assigned
66 and 56 unblended lines, respectively.
Figures 3 and 4 show selected detected lines of ethyl cyanide
in the ground state and in the three detected vibrational states,
respectively, together with our best-fit-model line profiles.
Figure 4 shows many detected lines of CH3CH2CN ν20 and
ν12 without blending with other species. The good fit between
model and observations appears to be the first detection in space
of both ethyl cyanide vibrationally excited states.
5. ASTRONOMICAL MODELING OF
CH3CH2CN IN ORION KL
5.1. CH3CH2CN Maps
From the 2D survey data of Orion KL, maps of the inte-
grated intensity of four ground state transitions of CH3CH2CN
at different velocity ranges are shown in Figure 5 (line 1 to 4:
302,28−292,27, 312,30−302,29, 320,32−310,31, and 321,32−310,31,
respectively). The velocity structure of the CH3CH2CN emis-
sion shows the contribution from two cloud components: a com-
pact component at the position of the hot core and a more ex-
tended component. Note that there is not a spatial displacement
of the emission peak with velocity. Particularly interesting is
the spatial distribution of the red and blue wings at the largest
6 http://www.iram.fr/IRAMFR/GILDAS
6
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Figure 4. Observed lines from Orion KL (histogram spectra) and the model (thin curves) of vibrationally excited ethyl cyanide.
(A color version of this figure is available in the online journal.)
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Figure 5. Integrated intensity of four transitions of ethyl cyanide (line 1 to 4: 302,28−292,27, 312,30−302,29, 320,32−310,31, and 321,32−310,31, respectively) at different
velocity ranges (indicated in the top of each column). For each box, axes are in units of arcseconds (∆α, ∆δ). Color logarithm scale is the integrated intensity (∫ T∗Adv)
in units of K km s−1.
(A color version of this figure is available in the online journal.)
velocities where we note the contribution of the plateau center-
ing at the hot core position. The extended component appears
at the northeast, at velocities from −5 to 15 km s−1, following
the delineation of the extended ridge (see, e.g., Wright et al.
1996). The observed structure in all transitions is in agreement
with previous maps made with interferometric arrays by Wright
et al. (1996) and Blake et al. (1996) in the 3 and 1.3 mm domains,
respectively.
5.2. The Model
Radial velocities and line widths of the ethyl cyanide lines
present in this line survey, together with the velocity maps shown
above, suggest that the emission of these species comes mainly
from the hot core. In addition, modeling the emission from the
13C and 15N isotopologues of ethyl cyanide (Demyk et al. 2007;
Margule`s et al. 2009), we found that the sum of two components,
the hot core component and the plateau, is sufficient to reproduce
all line intensities and profiles reasonably well.
For all detected ethyl cyanide species, column densities
were calculated using an excitation and radiative transfer code
developed by J. Cernicharo (Cernicharo 2012).
Owing to the lack of collisional rates for ethyl cyanide, we
used LTE approximation. Nevertheless, as most of the emission
comes from the hot core (a component with high density and
temperature, see Section 4.1), the LTE approximation must work
reasonably well. We assumed uniform physical conditions for
the kinetic temperature, density, radial velocity, and line width
(Table 3). These values are derived from the data analysis:
the large number of transitions in a wide range of frequency
allows us both to constrain these physical values by means of
Gaussian fits and to attempt to simulate the line profiles with
an LTE code. In addition, we performed a rotational diagram
(Goldsmith & Langer 1999) of CH3CH2CN in its ground state
(Figure 6), including 127 lines (transitions) free of blending with
energies of the upper level from 23.5 to 449.2 K for two different
Gaussian components of the emission lines. To quantify the
beam telescope dilution, we considered a source diameter of 5′′
and 10′′ for the emitting region responsible for the narrow and
broad profiles of the emission lines, respectively.
We have introduced a stratification of the hot core component
to fit all the lines arising from ethyl cyanide species with
the same physical source model (following the Trot results
of the rotational diagram). We considered three layers with
different temperatures. Sizes and offsets from the pointing
position (IRc2) of each component are taken into account in
our model (maps of ethyl cyanide obtained with the 2D survey
of Orion, N. Marcelino et al., in preparation, allow us to provide
these parameters), and beam dilution is corrected for each
line depending on their frequency. We did not observe any
contributions from the error beam as most of cloud components
are compact and lie inside the telescope beam. This setup
gives the column density as the only free parameter. Sources
of uncertainty are described in Tercero et al. (2010).
5.3. CH3CH2CN Column Densities
Column density results are shown in Table 3. Owing to the
low intensity of the lines belonging to deuterated ethyl cyanide,
implying larger overlap problems, we can only obtain upper
limits for their column density. We estimate the uncertainty
to be about 30% for the results of CH3CH2CN, CH3CH2CN
ν13 = 1/ν21 = 1, CH3CH2CN ν20, and the 13C isotopologues,
whereas for CH3CH2CN ν12 and CH3CH2C15N we estimate the
uncertainty to be 50% (due to the weakness of the observed lines
for these species).
Figures 3 and 4 and Table 10 (in the online journal) show
the comparisons between model and observations. Observed
line intensities from all lines free of blending agree with the
model predictions. For weaker observed lines, the lack of a
good agreement is caused by overlap with other species.
Differences between column densities obtained with the
rotational diagram and those derived from the model are mostly
due to the source diameter considered in each component. We
consider that this model fits these results better when taking
into account all data introduced in it (rotational diagram results,
8
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Figure 6. Rotational diagram of CH3CH2CN in its ground state.
(A color version of this figure is available in the online journal.)
Table 4
Measured Transitions of ν20 of Ethyl Cyanide Sorted by Frequency
J ′ K ′a K
′
c J
′′ K ′′a K
′′
c νobs
a νobs-νcalb Given Errorc Flagd Blended?e Weighted Average Peak
(Hz) (Hz) (Hz) (Hz)
3 0 3 2 0 2 26839.519 −0.007 0.05
3 1 2 2 1 1 27576.759 −0.067 0.05
6 1 5 6 0 6 28352.470 −0.161 0.05
7 1 6 7 0 7 30319.440 −0.087 0.05
8 1 7 8 0 8 32665.470 −0.076 0.05
6 0 6 5 1 5 33867.010 0.272 0.05 *
4 1 4 3 1 3 34861.170 −0.083 0.05
9 1 8 9 0 9 35422.430 0.011 0.05
4 0 4 3 0 3 35751.461 0.021 0.05
4 2 3 3 2 2 35820.625 −0.089 0.05
Notes.
a Observed Frequency.
b Difference between observed and calculated frequencies.
c Error in ν.
d Non-fitted lines.
e Blended lines.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)
diameters of the components following the 2D survey of Orion,
velocity components from Gaussian fits, etc.).
We obtained a total column density of ethyl cyanide in
the ground state of 4.1 × 1016 cm−2. This result coincides
with previous calculations: the source-averaged (hot core)
CH3CH2CN column density was obtained by Comito et al.
(2005) and Schilke et al. (2001) in their Orion surveys at high
frequency (795–903 GHz and 607–725 GHz, respectively).
However, Sutton et al. (1995) obtained a corrected-source-
averaged column density of 2.4 × 1015 and 4.0 × 1015 for
the hot core and compact ridge, respectively. In our line survey,
we do not distinguish the spectral characteristic of the compact
ridge in the ethyl cyanide lines.
For CH3CH2CN ν13 = 1/ν21 = 1, the derived column density
(the same for each state) is one order of magnitude less than
the derived column density of ethyl cyanide in the ground state.
We obtained a total column density of '2 × 1015 and '8 ×
1014 cm−2 for the ν20 and ν12 states, respectively.
5.4. Isotopic Abundances
From the derived column densities quoted above, we can now
estimate the isotopic abundance ratios.
12C/13C. We obtained the same column density ratio for each
13C isotopologue and cloud component: ' 42 ± 13. Hence, no
isotopic fractionation is found for these isotopologues of ethyl
cyanide.
We obtain a factor of two lower than the solar isotopic
abundance (12C/13C = 90; Anders & Grevesse 1989). This
ratio is understood to be a direct measurement of the primary
to secondary nuclear processing in stars (see Martı´n et al. 2010,
and references therein) and is considered a sensitive indicator
of the degree of galactic chemical evolution. Solar isotope value
reflects conditions in the interstellar medium at an earlier epoch
(Savage et al. 2002; Wyckoff et al. 2000).
In agreement with our study, Tercero et al. (2010) found an
average value of 12C/13C = 45 ± 20. This result indicates a
9
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Table 5
Measured Transitions of ν20 of Ethyl Cyanidea
J ′ K ′a K
′
c J
′′ K ′′a K
′′
c νobs
b νobs-νcalc Given Errord Flage Blended?f Weighted Average Peak
(Hz) (Hz) (Hz) (Hz)
3 0 3 2 0 2 26839.519 −0.007 0.05
4 0 4 3 0 3 35751.461 0.021 0.05
5 0 5 4 0 4 44633.991 0.016 0.05
6 0 6 5 0 5 53480.380 0.012 0.05
7 0 7 6 0 6 62284.613 0.013 0.05
8 0 8 7 0 7 71041.824 −0.011 0.05
9 0 9 8 0 8 79748.976 0.065 0.05
10 0 10 9 0 9 88404.817 0.023 0.05
11 0 11 10 0 10 97010.865 0.007 0.05
12 0 12 11 0 11 105570.915 0.039 0.05
Notes.
a Lines sorted by type of transition: type of branch: R and Q; dipole moment: µa and µb; quantum number Ka; quantum number J.
b Observed Frequency.
c Difference between observed and calculated frequencies.
d Error in ν.
e Non-fitted lines.
f Blended lines.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)
Table 6
Measured Transitions of ν12 of Ethyl Cyanide Sorted by Frequency
J ′ K ′a K
′
c J
′′ K ′′a K
′′
c νobs
a νobs-νcalb Given Errorc Flagd Blended?e Weighted Average Peak
(Hz) (Hz) (Hz) (Hz)
2 1 2 1 1 1 17393.370 0.002 0.05
2 0 2 1 0 1 17864.600 −0.002 0.05
2 1 1 1 1 0 18350.740 −0.039 0.05
3 1 3 2 1 2 26085.360 −0.038 0.05
4 1 3 4 0 4 26097.404 −0.031 0.05
5 1 4 5 0 5 27406.956 0.125 0.05
3 1 2 2 1 1 27521.430 0.065 0.05
6 1 5 6 0 6 29035.680 0.085 0.05
7 1 6 7 0 7 31012.870 0.027 0.05
6 0 6 5 1 5 33131.490 −0.042 0.05
Notes.
a Observed Frequency.
b Difference between observed and calculated frequencies.
c Error in ν.
d Non-fitted lines.
e Blended lines.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)
low opacity in the CH3CH2CN lines. Previous studies found a
similar 12C/13C ratio in Orion (Johansson et al. 1984; Blake
et al. 1987; Savage et al. 2002; Persson et al. 2007).
14N/15N. Our values of this ratio are very similar in all
components. The 14N/15N average abundance ratio of our
study is found to be 148 ± 74. In agreement with previous
authors (Blake et al. 1987; Margule`s et al. 2009) and within
the observational errors, 15N abundance obtained in this work
appears to be similar to its terrestrial value (14N/15N' 274;
Anders & Grevesse 1989). Adande & Ziurys (2012) found
that the 14N/15N ratio exhibits a distinct positive gradient
with increasing distance from the Galactic center (toward 11
molecular clouds). This gradient is consistent with predictions
of Galactic chemical evolution models in which 15N has a
secondary origin in novae.
D/H. We found a column density ratio for all deuterated
species of 0.020 ± 0.010 in all considered components. In
close agreement with our values, Tercero et al. (2010) found
an N(HDCS)/N(H2CS) column density ratio of 0.05 ± 0.02 for
the hot core component. Depending on the considered molecule
and component, we found different values from the work of
other authors: using N(HDO)/N(H2O), Pardo et al. (2001a)
found an abundance ratio in the range 0.004–0.01 in the plateau
component, and Persson et al. (2007) derived 0.005, 0.001, and
0.03 for the large velocity plateau, the hot core, and the compact
ridge, respectively. Schilke et al. (1992) derived the DCN/HCN
column density ratio in the hot core region, obtaining 0.001.
A recent study of time dependence D/H fractionation from
prestellar to protostellar cores (Aikawa et al. 2012) found that,
even in warm regions, neutral species with high D/H ratios
10
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Table 7
Measured Transitions of ν12 of Ethyl Cyanidea
J ′ K ′a K
′
c J
′′ K ′′a K
′′
c νobs
b νobs-νcalc Given Errord Flage Blended?f Weighted Average Peak
(Hz) (Hz) (Hz) (Hz)
2 0 2 1 0 1 17864.600 −0.002 0.05
4 0 4 3 0 3 35670.530 0.008 0.05
5 0 5 4 0 4 44533.415 −0.032 0.05
6 0 6 5 0 5 53360.500 −0.108 0.05
7 0 7 6 0 6 62145.961 −0.045 0.05
8 0 8 7 0 7 70884.747 −0.022 0.05
9 0 9 8 0 8 79573.643 0.009 0.05
10 0 10 9 0 9 88211.405 0.014 0.05
11 0 11 10 0 10 96799.224 0.052 0.05
12 0 12 11 0 11 105340.472 −0.003 0.05
Notes.
a Lines sorted by type of transition: type of branch: R and Q; dipole moment: µa and µb; quantum number Ka; quantum number J.
b Observed Frequency.
c Difference between observed and calculated frequencies.
d Error in ν.
e Non-fitted lines.
f Blended lines.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)
Table 8
Detected Lines of CH3CH2CN ν13 = 1/ν21 = 1
Transitiona Predicted Frequency Sij Eub νLSRb,c δν2 TMB (2) Areab
JKa ,Kc ,ν − J
′
K ′a ,K
′
c ,ν
′ (MHz) (K) (km s−1) (km s−1) (K) (km s−1)
91,9,1–81,8,1 80481.139 15.20 330.5 4.3(1) 0.13
92,8,0–82,7,0 80481.228* 15.20 330.5 4.6(1) 0.13
4.4 ± 0.5 10.6 ± 1.5 0.12 1.4 ± 0.2
92,8,1–82,7,1 80481.228* 15.20 330.5 0.7(1,3) 0.09
93,7,0–83,6,0 80590.893 14.10 325.7 6.6(1,3) 0.09
93,7,1–83,6,1 80592.859* 14.10 325.7 6.0(1,4) 0.13
93,6,0–83,5,0 80715.621 14.10 325.6 6.6(1,4) 0.13
94,6,0–84,5,0 80715.791* 14.10 325.6 4.0(1,4) 0.22
94,5,2–84,4,2 80747.552 12.60 333.0 4.8(1,4) 0.22
94,6,1–84,5,1 80747.778* 12.40 333.0 5.4(1,4) 0.22
Notes.
a The line transition in the format JKa ,Kc ,ν − JK ′a ,K ′c ,ν′ . The ν quantum number defines A and E states: ν = 0 is A for the bend and ν = 3 is A for the
torsion; ν = 1 and 2 are E for the bend and ν = 4 and 5 are E for the torsion.
b The observed parameters are shown when the line is not blended with other molecule and no uncertainty is provided. Calculated parameters have
uncertainties and mean the line can not be fitted like a Gaussian or there is some contribution from other molecule. (Narrow component (N), Wide
component(W).)
c (1) peak line observed velocity. (2) peak line intensity. (3) blended with U-line. (4) blended with CH3CH2CN ν20 = 1. (5) blended with (CH3)2CO.
(6) blended with HC13CCN. (7) blended with HC13CCN ν7 = 1. (8) blended with E-CH3OD. (9) blended with Si18O. (10) blended with E-HCOOCH3.
(11) blended with t-CH3CH2OH. (12) blended with 33SO2. (13) blended with CH3CHO νt = 2. (14) blended with SO18O. (15) blended with SO2
ν2 = 1. (16) blended with HCOOH. (17) blended with CH3CH2C15N. (18) blended with CH2CHCN ν11 = 1. (19) blended with CH2CHCN ν15 =
1. (20) blended with 34SO2. (21) blended with HCCCN. (22) influence of CH3CH2CN ν12 = 1. (23) blended with CH3CH2CN. (24) blended with
A-HCOOCH3. (25) blended with CH3OH, νt = 0, 1. (26) blended with g-CH3CH2OH. (27) blended with 13CH3OH νt = 0, 1. (28) blended with
CH213CHCN. (29) blended with CH3OCH3. (30) blended with SO17O. (31) blended with A-HCOO13CH3. (32) blended with E-HCOO13CH3.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)
reflect the D/H ratio of those species that were injected from
dust mantles (where icy material is highly deuterated by surface
reactions with D atoms) to the hot gaseous medium. This is in
agreement with other studies of hot core deuterium chemistry
(Rodgers & Millar 1996). On the other hand, various complex
organics (such us methyl formate) are formed via both gas-phase
and grain surface reactions. Their high deuteration is mainly
due to their formation from molecules with high deuteration
(Aikawa et al. 2012). For ethyl cyanide, as a complex organic
molecule, the process of deuteration most likely is the later case.
5.5. Vibrational Temperatures
We can estimate vibrational temperatures from
exp
(
−
Eνx
Tvib
)
fν
=
N (CH3CH2CN νx)
N (CH3CH2CN)
, (1)
where Eνx is the energy of the vibrational state (315.4, 531.2,
and 763.4 K for ν21, ν20, and ν12, respectively), Tvib is the
vibrational temperature, fν is the vibrational partition function,
11
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Table 9
Detected Lines of CH3CH2CN ν20
Transitiona Predicted Frequency Sij Eub νLSRb,c δν2 TMB (2) TMB (2)b
JKa ,Kc − J
′
K ′a ,K
′
c
(MHz) (K) (km s−1) (km s−1) (K) (K)
92,8–82,7 80470.356 8.55 567.6 4.7(1) 0.03
5.8 ± 0.7 11.3 ± 1.5 0.03 0.40 ± 0.05
96,4–86,3 80470.356 8.55 567.6 2.0(1,3) 0.25
96,3–86,2 80665.506 5.00 602.9 2.0(1,3) 0.25
95,5–85,4 80665.506* 5.00 602.9 7.6(1,3) 0.25
95,4–85,3 80668.091* 6.22 590.8 7.6(1,3) 0.25
97,3–87,2 80668.091* 6.22 590.8 5.7(1,3) 0.25
97,2–87,1 80669.367* 3.56 617.2 5.7(1,3) 0.25
92,7–82,6 80669.367* 3.56 617.2 6.1(1,4) 0.07
91,8–81,7 81319.905 8.55 567.7 6.1(1) 0.05
Notes.
a The line transition in the format JKa ,Kc − JK ′a ,K ′c .b The observed parameters are shown when the line is not blended with other molecule and no uncertainty is provided. Calculated parameters have
uncertainties and mean the line can not be fitted like a Gaussian or there is some contribution from other molecule. (Narrow component (N), Wide
component (W).)
c (1) peak line observed velocity. (2) peak line intensity. (3) blended with CH3OH νt = 0, 1. (4) blended with H2C17O. (5) blended with U-line. (6)
blended with 18OCS. (7) blended with E-HCOOCH3. (8) blended with CH3CH2CN ν13/ν21. (9) blended with A-H13COOCH3. (10) blended with
E-H13COOCH3. (11) blended with HCC13CN ν7 = 1. (12) blended with SHD. (13) blended with CH3CH213CN. (14) influence of CH3CH2CN ν12 =
1. (15) blended with A-HCOOCH3. (16) blended with CH3OCH3. (17) blended with (CH3)2CO. (18) blended with CH3CHDCN. (19) blended with
HCOO13CH3. (20) blended with 33SO2. (21) blended with HC13CCN ν6 = 1. (22) blended with CH3-13CH2CN. (23) blended with H15NCO.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)
Table 10
Detected Lines of CH3CH2CN ν12
Transitiona Predicted Frequency Sij Eu Observed Frequencyb νLSR(1) Observed TMB Model TMB
JKa ,Kc –J
′
K ′a ,K
′
c
(MHz) (K) (MHz) (km s−1) (K) (K)
92,8–82,7 80288.056 8.55 799.3 80290.1 1.5 0.01 0.02
98,1–88,0 80495.806 1.89 867.3 80496.5 6.4 0.02 0.01
98,2–88,1 80495.806* 1.89 867.3 80496.5 6.4 0.02 0.01
94,6–84,5 80498.676 7.22 813.0 80499.8 4.8 0.02 0.02
94,5–84,4 80499.106* 7.22 813.0 80499.8 6.4 0.02 0.02
93,7–83,6 80528.735 8.00 805.0 80530.5 2.4 0.02 0.02
93,6–83,5 80560.434 8.00 805.0 80562.0 3.2 0.02 0.02
92,7–82,6 81129.013 8.55 799.5 81130.5 3.5 0.03 0.02
101,10–91,9 86693.722 9.90 799.6 86694.4(2) 6.8 0.05 0.02
100,10–90,9 88211.372 9.98 799.0 88212.5 5.1 0.01 0.03
Notes.
a The line transition in the format JKa ,Kc − JK ′a ,K ′c .
b (1) peak line observed velocity. (2) blended with U-line. (3) blended with 33SO. (4) blended with A-HCOOCH3. (5) blended with c-C2H4O. (6)
blended with CH2CHCN ν11 = 2. (7) blended with CH3CH2CN ν13/ν21. (8) blended with NH2D. (9) blended with H2CCO. (10) blended with
CH3-13CH2CN. (11) blended with SO2 ν2 = 1. (12) blended with E-HCOOCH3. (13) blended with 13CH3CH2CN.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)
N(CH3CH2CN νx) is the column density of the vibrational state,
and N(CH3CH2CN) is the total column density of ethyl cyanide.
Taking into account that N(CH3CH2CN) = N(ground)×fν , we
only need the energy of each vibrational state and the calculated
column densities to derive the vibrational temperatures.
We obtained the same Tvib in all cloud components for each
vibrationally excited level, being '160 ± 50 K, '185 ± 55 K,
and '195 ± 95 K, for ν13/ν21, ν20, and ν12, respectively.
The values for ethyl cyanide ν13 = 1/ν21 = 1, ν20, and ν12 in
all components are similar to the averaged kinetic temperature
we adopted in this model ('150 K). We assumed that both gases
(ground state and vibrationally excited) are spatially coincident,
so the calculated vibrational temperatures have to be considered
as lower limits.
We note that the obtained Tvib for all levels is larger than the
Trot in the coldest component, pointing to an inner and hotter
emitting region (shown in our model) for vibrationally excited
ethyl cyanide. Comparing both temperatures is not an easy task,
as temperature and density gradients in the region are required
for the vibrational excitation. Collisional rates are necessary to
ascertain whether either molecular collisions or IR dust photons
dominate the vibrational excitation of ethyl cyanide.
6. CONCLUSION
Very sensitive low frequency Stark modulation experiments
have been used to conclusively identify the excited vibrational
state ν12 of ethyl cyanide. On the basis of fits made from
12
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this work and the previously assigned ν20, reliable rotational
and distortion constants were obtained by measurements up to
605 GHz for both states.
The line survey of Orion KL with the IRAM 30 m telescope
permitted the assignment of 66 and 56 free of blending spectral
features that correspond to the first detection of the ethyl
cyanide ν20 and ν12 species, respectively. The new detection
of vibrationally excited ethyl cyanide, together with that of the
three 13C and the 15N isotopologues and the tentative detection
of deuterated ethyl cyanide (Demyk et al. 2007; Margule`s et al.
2009) contributes more than 1000 lines in the 80–280 GHz
domain covered by the Orion line survey of Tercero et al. (2010).
The present work clearly shows that the spectroscopic cat-
alogs for heavy species could include the predicted spectra
for all their vibrationally excited states with energies below
three to four times the kinetic temperature of the gas. For
vibrationally excited states with energies similar to the ki-
netic temperature of the gas, the intensities of their rotational
lines will be much larger than those of the isotopologues of
the ground state. For example, in Orion 12C/13C' 50, a vi-
brational level with Evib = TK will have a population '1/
3 of the ground state. The analysis of the spectral complex-
ity of hot sources such as Orion requires a detailed laboratory
study of the vibrational levels below 800 cm−1 of the most
abundant species (CH3CN, CH2CHCN, CH3CH2CN, CH3OH,
CH3OCOH, CH3OCH3, HCOOH, HNCO, and so on). Without
this information, the analysis of future data coming from more
sensitive instruments such as ALMA will be extremely limited.
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5.2 Caracterizacio´n en el laboratorio y deteccio´n astrofı´sica de estados
vibracionalmente excitados de cianuro de vinilo en Orio´n-KL
Este artı´culo fue publicado en 2014 en la revista Astronomy and Astrophysics. Este trabajo sigue
la misma lı´nea de estudio del que hemos presentado anteriormente. En este caso, nos centramos en
los estados excitados de baja energı´a del cianuro de vinilo (CH2CHCN). El cianuro de vinilo es una
mole´cula muy abundante en nuestra fuente. La emisio´n de esta especie parece estar relacionada con
aquella de CH3CH2CN y otros cianuros. En el espectro de Orio´n-KL se encuentran velocidades radiales
y anchuras de lı´nea simileres para todas estas especies. Por este motivo, en esta publicacio´n, adema´s
de realizar un trabajo ana´logo al llevado a cabo para CH3CH2CN, decidimos hacer un estudio donde se
abarcara el ana´lisis de todos los cianuros e isocianuros en la fuente de estudio. De esta manera podrı´amos
caracterizar la emisio´n de toda una familia de especies moleculares.
El estudio de laboratorio se centro´ en caracterizar por primera vez 9 estados vibracionales del cianuro
de vinilo por encima del nivel 311 = 2. Este trabajo se llevo´ a cabo en parelelo al trabajo de laboratorio
realizado para el CH3CH2CN, durante mi estancia en el Laboratorio de Espectroscopı´a Molecular de la
Universidad de Valladolid. La posterior identificacio´n de estados excitados de hasta una energı´a cercana
a 1000 K en los datos del barrido espectral de Orio´n-KL con el telescopio de IRAM de 30 m, prueba,
una vez ma´s, la importancia de realizar la caracterizacio´n de los espectros rotacionales de estas especies.
He de insistir en que estos datos de laboratorio se incorporan a los cata´logos disponibles para toda la
comunidad cientı´fica. Con ello hemos contribuido de manera muy significativa a la interpretacio´n de los
espectros que se obtienen en observaciones realizadas con instrumentos de u´ltima generacio´n, como las
que se realizan con ALMA.
Adema´s de resaltar los logros que conseguimos con el trabajo en el laboratorio, quiero sen˜alar que
nuestro principal objetivo en todos estas publicaciones es la caracterizacio´n fı´sico-quı´mica de Orio´n-
KL. En este artı´culo, una vez identificadas todas las especies de CH2CHCN que presentan emisio´n
en el barrido de Orio´n-KL, se llevo´ a cabo un detallado ana´lisis fı´sico de la regio´n. Hay que sen˜alar
que, a pesar de basarnos en datos de antena u´nica, somos capaces de constren˜ir de manera muy precisa
la determinacio´n de distintas componentes de emisio´n, abundancias y temperaturas. Esto es debido
a varios factores: en primer lugar, el amplio rango de frecuencias observado permite el estudio de
diferentes regı´menes de emisio´n (por ejemplo, los datos a 3 mm trazan mejor la emisio´n de las regiones
ma´s templadas mientras que a 1 mm las regiones ma´s calientes dominan la emisio´n); en segundo lugar,
nuestros modelos de la fuente son autoconsistentes, en el sentido de que se analiza de manera simulta´nea
la emisio´n observada tanto del isotopo´logo principal como de los isotopo´logos menos abundantes y de
los estados vibracionalmente excitados. En la segunda parte de este artı´culo podemos encontrar los
resultados obtenidos para el ana´lisis de la emisio´n global de CH2CHCN.
Como ya hemos apuntado, en este trabajo tambie´n se realizo´ un estudio comparativo de la emisio´n
de las mole´culas que contienen el grupo −CN en la regio´n. Uno de las cuestiones principales que
surgen al estudiar estas especies en el medio interestelar es la de si la emisio´n de sus iso´meros (especies
con el grupo −NC) puede ser correlacionada. Con ello, se pueden obtener posibles rutas quı´micas de
isomerizacio´n en el medio. En este trabajo analizamos la emisio´n de los iso´meros de todas las especies
detectadas en Orio´n-KL que contienen −CN. Con este trabajo, se pudo llevar a cabo un amplia discusio´n
sobre la emisio´n de los cianuros y los isocianuros en Orio´n-KL.
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Finalmente, gracias a la colaboracio´n en el artı´culo de Hannah Calcutt y Serena Viti, se modelizaron
quı´micamente las abundancias de estas especies. Para ello se hizo uso del co´digo UCL-CHEM que opera
en dos fases: una fase donde se simula la gase gaseosa en condiciones de colapso gravitacional y una
segunda donde el nu´cleo colapsado se calienta y se produce la evaporacio´n de los mantos de los granos de
polvo. Con estos modelos se visualiza la evolucio´n de las abundancias moleculares en funcio´n del tiempo
cuando se introducen una serie de para´metros como, por ejemplo, la masa de la estrella en formacio´n o
las abundancias ato´micas iniciales.
En las siguientes pa´ginas mostramos el artı´culo que aquı´ hemos presentado. Siguiendo con la
estructura de esta tesis, en e´l se puede encontrar la descripcio´n detallada de los estudios realizados.
En el Ape´ndice B se muestran las tablas que forman parte del contenido online del artı´culo y que se
pueden encontrar en la base de datos CDS2.
2http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/A+A/572/A44
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ABSTRACT
Context. We perform a laboratory characterization in the 18–1893 GHz range and astronomical detection between 80–280 GHz in
Orion-KL with IRAM-30 m of CH2CHCN (vinyl cyanide) in its ground and vibrationally excited states.
Aims. Our aim is to improve the understanding of rotational spectra of vibrationally excited vinyl cyanide with new laboratory data
and analysis. The laboratory results allow searching for these excited state transitions in the Orion-KL line survey. Furthermore,
rotational lines of CH2CHCN contribute to the understanding of the physical and chemical properties of the cloud.
Methods. Laboratory measurements of CH2CHCNmade on several different frequency-modulated spectrometers were combined into
a single broadband 50–1900 GHz spectrum and its assignment was confirmed by Stark modulation spectra recorded in the 18–40 GHz
region and by ab-initio anharmonic force field calculations. For analyzing the emission lines of vinyl cyanide detected in Orion-KL
we used the excitation and radiative transfer code (MADEX) at LTE conditions.
Results. Detailed characterization of laboratory spectra of CH2CHCN in nine different excited vibrational states: 311 = 1, 315 = 1,
311 = 2, 310 = 1 ⇔ (311 = 1,315 = 1), 311 = 3/315 = 2/314 = 1, (311 = 1,310 = 1) ⇔ (311 = 2,315 = 1), 39 = 1, (311 = 1,315 =
2) ⇔ (310 = 1,315 = 1) ⇔ (311 = 1,314 = 1), and 311 = 4 are determined, as well as the detection of transitions in the 311 = 2 and
311 = 3 states for the first time in Orion-KL and of those in the 310 = 1 ⇔ (311 = 1,315 = 1) dyad of states for the first time in space.
The rotational transitions of the ground state of this molecule emerge from four cloud components of hot core nature, which trace the
physical and chemical conditions of high mass star forming regions in the Orion-KL Nebula. The lowest energy vibrationally excited
states of vinyl cyanide, such as 311 = 1 (at 328.5 K), 315 = 1 (at 478.6 K), 311 = 2 (at 657.8 K), the 310 = 1 ⇔ (311 = 1,315 = 1)
dyad (at 806.4/809.9 K), and 311 = 3 (at 987.9 K), are populated under warm and dense conditions, so they probe the hottest parts of
the Orion-KL source. The vibrational temperatures derived for the 311 = 1, 311 = 2, and 315 = 1 states are 252 ± 76K, 242 ± 121K,
and 227 ± 68K, respectively; all of them are close to the mean kinetic temperature of the hot core component (210 K). The total
column density of CH2CHCN in the ground state is (3.0 ± 0.9) × 1015 cm−2. We report the detection of methyl isocyanide (CH3NC)
for the first time in Orion-KL and a tentative detection of vinyl isocyanide (CH2CHNC). We also give column density ratios between
the cyanide and isocyanide isomers, obtaining a N(CH3NC)/N(CH3CN) ratio of 0.002.
Conclusions. Laboratory characterization of many previously unassigned vibrationally excited states of vinyl cyanide ranging from
microwave to THz frequencies allowed us to detect these molecular species in Orion-KL. Column density, rotational and vibrational
temperatures for CH2CHCN in their ground and excited states, and the isotopologues have been constrained by means of a sample of
more than 1000 lines in this survey.
Key words. ISM: abundances – ISM: molecules – stars: formation – line: identification – methods: laboratory: molecular –
radio lines: ISM
? The full Tables A.6–A.14 are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/572/A44
?? This work was based on observations carried out with the IRAM-30 m telescope. IRAM is supported by INSU/CNRS (France), MPG
(Germany), and IGN (Spain).
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1. Introduction
The rotational spectrum of vinyl cyanide (CH2CHCN) was first
studied in 1954 by Wilcox and collaborators and then later by
Costain & Stoicheff (1959), who also investigated the singly-
substituted 13C species, as well as the 15N, and the CH2CDCN
species. This molecule was detected for the first time in the inter-
stellar medium (ISM) in 1973 toward the Sagittarius B2 (Sgr B2)
molecular cloud (Gardner & Winnewisser 1975). Since then,
CH2CHCN has been detected toward different sources, such as
Orion (Schilke et al. 1997), the dark cloud TMC-1 (Matthews
& Sears 1983), the circumstellar envelope of the late-type star
IRC+10216 (Agúndez et al. 2008), and the Titan atmosphere
(Capone et al. 1981). CH2CHCN is one of the molecules, whose
high abundance and significant dipole moment allow radioastro-
nomical detection even of its rare isotopologue species. Thus,
vinyl cyanide makes an important contribution to the millimeter
and submillimeter spectral emissions covered by high sensitiv-
ity facilities, such as ALMA and the Herschel Space Telescope.
However, there has not yet been a comprehensive study of its
low-lying vibrational excited states.
Vinyl cyanide is a planar molecule (six internuclear distances
and five independent bond angles) and is a slightly asymmetric
prolate rotor with two non-zero electric dipole moment compo-
nents, which lead to a rich rotational spectrum. The first detailed
discussion of the vinyl cyanidemicrowave spectrumwas in 1973
by Gerry & Winnewisser. Subsequent studies of the rotational
spectrum of vinyl cyanide resulted in the determination of its
electrical dipole moment components by Stolze & Sutter (1985);
these values were later improved by Krasnicki & Kisiel (2011)
who reported the values µa = 3.821(3)D, µb = 0.687(8)D, and
µTOT = 3.882(3)D. Additional studies upgraded the molecular
structure as Demaison et al. (1994), Colmont et al. (1997), and
Krasnicki et al. (2011) successively derived more refined struc-
tural parameters from the rotational constants. The 14N nuclear
quadrupole hyperfine structure has been studied by Colmont
et al. (1997), Stolze & Sutter (1985), and Baskakov et al. (1996).
Kisiel et al. (2009a) updated the rotational constants by si-
multaneously fitting the rotational lines of CH2CHCN in its
ground and lowest excited state 311 = 1. They fit the ground
states of the 13C and the 15N isotopologues. More detailed anal-
ysis of the isotopologue spectra was later reported by Krasnicki
et al. (2011). The ground state rotational a-type and b-type tran-
sitions of the parent vinyl cyanide have been assigned up to
J = 129 with measurements in the laboratory reaching 1.67 THz
(Kisiel et al. 2009a). They showed the influence of temperature
on the partition function and consequently on the spectrum of
vinyl cyanide. Figure 1 of Kisiel et al. (2009a) identifies this
effect and the dominance of the millimeter and submillimeter re-
gion by the aR-type transitions. However, the b-type R-branch
rotational transitions are one order of magnitude more intense
than those of a-type due to smaller values of the rotational quan-
tum numbers J at high frequencies (THz region).
The rotational transitions of CH2CHCN in several of the
lowest vibrational excited states, 311 = 1,2,3 and 315 = 1, were
assigned by Cazzoli & Kisiel (1988), and the measurements
were extended by Demaison et al. (1994) (311 = 1 and the ground
state). The data for 311 = 3 was more limited by hindering the
determination of all sextic or even quartic constants. Recently,
the analysis of broadband rotational spectra of vinyl cyanide
revealed that there are perturbations between all pairs of adja-
cent vibrational states extending upwards from the ground state
(g.s.), see Fig. 2 of Kisiel et al. (2009a). Kisiel et al. (2012) cov-
ered a broader frequency region (90–1900 GHz) identifying and
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Fig. 1. All vibrational levels of vinyl cyanide up to 1000 cm−1. The lev-
els in red are those for which rotational transitions have been analyzed
in this work. The boxes identify sets of levels treated by means of cou-
pled fits accounting for interstate perturbations.
fitting the perturbations in frequencies of rotational transitions
due to a-, b- or c-axis Coriolis-type or Fermi type interactions
between the four lowest states of vinyl cyanide (g.s., 311 = 1,
315 = 1, and 311 = 2). The need for perturbation treatment of the
310/311315 dyad at about 560 cm−1 and the 3311/2315/314 triad of
states at about 680 cm−1 was also identified, and initial results
for the dyad were reported in Kisiel et al. (2011). Thus a metic-
ulous analysis aiming toward an eventual global fit of transitions
in all states of vinyl cyanide is necessary. The low resolution,
gas-phase infrared spectrum of vinyl cyanide and its vibrational
normal modes were studied by Halverson et al. (1948) and by
Khlifi et al. (1999). Partial rotational resolution of the vibration-
rotation spectrum of the two lowest wavenumbermodes was also
reported in the far-infrared study by Cole & Green (1973).
The first detection in the ISM of vinyl cyanide was in 1973
by means of the 211–212 line in emission in Sgr B2 and was con-
firmed in 1975 by Gardner & Winnewisser (1975), suggesting
the presence of the simplest olefin in the ISM, CH2=CH2 (ethy-
lene) based on the evidence of the reactive vinyl radical. Betz
(1981) observed the non-polar organic molecule CH2=CH2 to-
ward the red giant C-rich star IRC+10216, for the first time;
specifically, this is the 37 band in the rotation-vibration spec-
tral region (28 THz). Owing to the symmetry of ethylene the
dipole rotational transitions are forbidden, and Occhiogroso
et al. (2013) estimated a column density of 1.26 × 1014 cm−2
in standard hot cores for this molecule based on the abun-
dance of its derivative molecule, hydrocarbon methylacetylene
(CH3CCH).
The dense and hot molecular clouds, such as Orion and
Sgr B2, give rise to emission lines of vibrationally excited states
of vinyl cyanide. Rotational transitions in the two lowest fre-
quency modes 311 and 315 were detected in Orion by Schilke
et al. (1997) (as tentative detection of three and two lines,
A44, page 2 of 39
88 Capı´tulo 5: Trabajos publicados
A. López et al.: Vibrationally excited vinyl cyanide in Orion-KL
Fig. 2. Room-temperature laboratory spectrum of vinyl cyanide in the region of the 413−312 rotational transition recorded with a Stark modulation
spectrometer. All marked lines are for the 413−312 transition in a given vibrational or isotopic species and display a characteristic pattern of
negative lobes due to the non-zero field cycle of Stark modulation. Dotted lines connect vibrational states analyzed as perturbing polyads, red
denotes vibrational states analyzed in the present work, and asterisks identify states detected presently in Orion-KL. It can be seen that laboratory
analysis is now available for excited vibrational state transitions that are comparable in room-temperature intensity to those for 13C isotopologues
in terrestrial natural abundance.
respectively) and in Sgr B2 by Nummelin & Bergman (1999)
(64 and 45 identified lines, respectively). The latter authors also
made the tentative detection transitions in the 2311 mode (five
lines). Recently, Belloche et al. (2013) detected six vibrational
states in a line survey of Sgr B2(N) (311 = 1, 2, 3,315 = 1, 2,
311 = 315 = 1) among which they detected the higher-lying vi-
brational states for the first time in space.
On the other hand, the ground states of rare isotopologues
have been well characterized in the laboratory (Colmont et al.
1997; Müller et al. 2008; Kisiel et al. 2009a; Krasnicki et al.
2011). All monosubstituted species containing 13C, 15N, and D,
and those of all 13C-monosubstituted species of H2C=CDCN of
both cis- and trans- conformers of HDC=CHCN, HDC=CDCN,
and D2C=CDCN have been characterized. The double 13C and
13C15N species have also been assigned by Krasnicki et al.
(2011). The detection of 13C species of vinyl cyanide in the ISM
was carried out toward Sgr B2 by Müller et al. (2008) with 26
detected features.
The millimeter line survey of Orion-KL carried out with the
IRAM-30 m telescope by Tercero and collaborators (Tercero
et al. 2010, 2011; Tercero 2012) presented 8000 unidentified
lines initially. Many of these features (near 4000) have been
subsequently identified as lines arising from isotopologues, and
vibrationally excited states of abundant species, such as ethyl
cyanide and methyl formate, thanks to a close collaboration
with different spectroscopic laboratories (Demyk et al. 2007;
Margulès et al. 2009; Carvajal et al. 2009; Margulès et al. 2010;
Tercero et al. 2012; Motiyenko et al. 2007; Daly et al. 2013;
Coudert et al. 2013; Haykal et al. 2014). In this work, we fol-
lowed the procedure of our previous papers, searching for all
isotopologues and vibrationally excited states of vinyl cyanide
in this line survey. These identifications are essential to probe
new molecular species which reduce the number of U-lines and
help to reduce the line confusion in the spectra. At this point
we were ready to begin the search for new molecular species in
this cloud by providing clues to the formation of complex or-
ganic molecules on the grain surfaces and/or in the gas phase
(see the discovery of methyl acetate and gauche ethyl formate
in Tercero et al. 2013, the detection of the ammonium ion in
Cernicharo et al. 2013, and the first detection of ethyl mercaptan
in Kolesniková et al. 2014).
We report extensive characterization of 9 different excited
vibrational states of vinyl cyanide (see Fig. 1) positioned in en-
ergy immediately above 311 = 2, which, up to this point, has
been the highest vibrational state subjected to a detailed study
(Kisiel et al. 2012). The assignment is confirmed by using the
Stark modulation spectrometer of the spectroscopic laboratory
(GEM) of the University of Valladolid and ab initio calcula-
tions. The new laboratory assignments of 311 = 2, 311 = 3, and
310 = 1 ⇔ (311 = 1,315 = 1) vibrational modes of vinyl cyanide
were used successfully to identify these three states in Orion-
KL; the latter for the first time in the ISM. We also detected the
311 = 1 and 315 = 1 excited states in Orion-KL, as well as the
ground state, and the 13C isotopologues (see Sect. 4.2.1).
Because isomerism is a key issue for a more accurate un-
derstanding of the formation of interstellar molecules, we report
observations of some related isocyanide isomers. Bolton et al.
(1970) carried out the first laboratory study of the pure rota-
tion (10–40 GHz) spectrum of vinyl isocyanide and also studied
its 200–4400 cm−1 vibrational spectrum. Laboratory measure-
ments were subsequently extended up to 175 GHz by Yamada
& Winnewisser (1975) and the hyperfine structure of cm-wave
lines was measured by Bestmann &Dreizler (1982). In Sect. 4.5,
we searched for all isocyanides corresponding to the detected
cyanides in Orion-KL: methyl cyanide (Bell et al. 2014), ethyl
cyanide (Daly et al. 2013), cyanoacetylene (Esplugues et al.
2013b), cyanamide, and vinyl cyanide. In this study, we have
tentatively detected vinyl isocyanide (CH2CHNC) in Orion-KL
(see Sect. 4.5). In addition, we observed methyl isocyanide
(CH3NC) for the first time in Orion-KL, which was observed
firstly by Cernicharo et al. (1988) in the Sgr B2(OH) source, and
we provide a tentative detection of ethyl isocyanide and isomers
HCCNC and HNCCC of isocyanoacetylene. After the detection
of cyanamide (NH2CN) by Turner et al. (1975) in Sgr B2, we
report the tentative detection of this molecule in Orion, as well
as a tentative detection for isocyanamide.
Finally, we discuss and summarize all results in Sects. 5
and 6.
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Table 1. Spectroscopic data sets for excited vibrational states of CH2CHCN acquired in this work.
Excited state Eviba ∆Eb Nfittedc Nunfittedd σfite σrms f J range Ka range Frequency rangeg
(cm−1) (cm−1) (MHz) (GHz)
310 560.5 0 2135h 55 0.324 1.446 2–99 0–22 37.0–1893.4
311315 562.9 2.391494(5) 1837h 136 0.382 1.872 3–100 0–20 39.0–1783.5
2315 663.5 0 1329i 52 0.265 1.980 1–70 0–17 18.6–1191.3
314 681.8 18.31812(2) 1287i 53 0.228 1.467 5–70 0–18 58.3–1891.1
3311 686.6 23.16415(3) 1250i 81 0.309 2.329 2–69 0–17 28.0–1196.5
310311 787.5 0 842 j 3 0.137 1.289 3–68 0–12 37.1–639.3
2311315 793.9 6.44502(3) 860 j 7 0.164 1.551 3–69 0–12 37.3–640.0
39 869.0 373 7 0.167 1.665 1–63 0–7 18.5–570.3
4311 916.7 225 17 0.250 2.496 3–43 0–5 37.4–410.9
Notes. (a) Estimated vibrational energy (see text in Sect. 3.2). (b) Energy difference relative to the lowest level in the relevant polyad obtained from
the perturbation analysis. (c) The number of distinct frequency fitted lines. (d) The number of confidently assigned lines rejected from the fit at
the 10σ cutoff criterion. (e) Deviation of fit for the vibrational subset. ( f ) Unitless deviation of fit for the vibrational subset. (g) Frequency coverage
of transitions in the data set. (h,i, j) Transitions fitted jointly in a single fit accounting for interstate perturbations.
2. Experimental
The present spectroscopic analysis is based largely on the broad-
band rotational spectrum of vinyl cyanide compiled from seg-
ments recorded in several different laboratories. That spectrum
provided a total of 1170 GHz of coverage and its makeup was
detailed in Table 1 of Kisiel et al. (2012). In the present work,
the previous spectrum has been complemented by two additional
segments: 50–90 GHz and 140–170 GHz recorded at GEM by
using cascaded multiplication of microwave synthesizer output.
The addition of these segments provides practically uninter-
rupted laboratory coverage of the room-temperature rotational
spectrum of vinyl cyanide over the 50–640 GHz region, which
is key to the analysis of vibrational state transitions.
Another laboratory technique brought in by GEM is Stark
spectroscopy at cm-wave frequencies. The Stark-modulation
technique has the useful property of preferentially recording a
given low-J rotational transition by a suitable choice of the mod-
ulation voltage. This is particularly the case for the lowest-J,
Ka = 1 transitions. Due to asymmetry splitting, these transitions
are significantly shifted in frequency relative to other transitions
for the same J value. An example spectrum of this type is shown
in Fig. 2 where all, but some of the weakest lines, correspond to
the 413−312 transition in either a vibrational state of the parent
vinyl cyanide or the ground state of an isotopic species. Such
spectra are particularly useful for an initial assignment since vi-
brationally induced frequency differences from the ground state
are near additive. Relative intensities of transitions also give an
immediatemeasure of relative population of assigned vibrational
states and isotopic species.
The analysis of the spectra was carried out with the AABS
graphical package for Assignment and Analysis of Broadband
Spectra (Kisiel et al. 2005, 2012), which is freely available
on the PROSPE database (Kisiel, 2001)1. The AABS pack-
age was complemented by the SPFIT/SPCAT program package
(Pickett 1991)2 used for setting up the Hamiltonian, fitting, and
prediction.
1 http://info.ifpan.edu.pl/~kisiel/prospe.htm
2 http://spec.jpl.nasa.gov
Supporting ab initio calculations were carried out with
GAUSSIAN 093 and CFOUR4 packages. The key parameters for
vibrational assignment are vibrational changes in rotational con-
stants, which require relatively lengthy anharmonic force field
calculations. Two strategies were used for this purpose: a rela-
tively long basis set combined with a basic electron correlation
correction (MP2/6-311++G(d,p)) and a more thorough corre-
lation correction with a relatively simple basis set (CCSD(T)/
6-31G(d,p)). The final results minimally favored the second ap-
proach but, in practice, both were found to be equally suitable.
3. Laboratory spectroscopy
3.1. Analysis of the excited vibrational states
An overview of the results of the spectroscopic analysis is pro-
vided in Table 1 and the determined spectroscopic constants nec-
essary for generating linelists are given in Tables 2 and A.1–A.4.
The initial assignment was based on a combination of several
techniques: (1) inspection of Stark spectra such as that in Fig. 2;
(2) the use of the concept of harmonic behavior of rotational
constant changes on vibrational excitation (linear additivity of
changes); and (3) ab initio calculations of vibration-rotation con-
stants. The final assignment of vibrational states is confirmed
by the comparison of values of experimental vibration-rotation
changes in rotational constants relative to the ground state with
computed ab initio values, as listed in TableA.5.
Preliminary studies revealed a multitude of perturbations in
rotational frequencies that necessitate the use of fits that account
for interactions between vibrational states. The grouping of en-
ergy levels visible in Fig. 1 suggests that it was possible to break
the treatment down into three isolated polyads above the last
state studied in detail, namely 2311. The symmetry classification
of vibrational states (A′ and A′′, Cs point group) is marked in
3 Frisch, M. J.; Trucks, G. W.; Schlegel, et al., Gaussian 09, Revision
B.01; Gaussian: Wallingford, CT, 2010.
4 Stanton, J. F., Gauss, J.; Harding, M. E. et al., CFOUR, a quan-
tum chemical quantum package with integrated packages MOLECULE
(Almlof, J.; Taylor, P. R.) and ECP routines (Mitin, A. V.; van Wüllen,
C.), http://www.cfour.de
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Table 2. Spectroscopic constants in the diagonal blocks of the Hamiltonian for the 310 ⇔ 311315 and the 311310 ⇔ 2311315 dyads of vibrational states
in vinyl cyanide compared with those for the ground state.
Ground state 310 311315 311310 2311315
A/MHz 49850.69655(43)a 49550.03(63) 49890.72(61) 48861.72(62) 49124.87(56)
B/MHz 4971.212565(37) 4965.6692(98) 4992.6723(70) 4984.979(32) 5011.494(25)
C/MHz 4513.828516(39) 4509.6228(13) 4531.6029(13) 4517.9357(31) 4540.0924(32)
∆J /kHz 2.244058(13) 2.20646(19) 2.26839(18) 2.24034(23) 2.28278(27)
∆JK /kHz −85.6209(35) −89.854(83) −80.615(83) −88.79(17) −63.97(17)
∆K /kHz 2715.4213(94) 2591.5(31) 2522.4(31) 2225.(16) 1842.(15)
δJ /kHz 0.4566499(32) 0.44642(11) 0.465487(70) 0.46094(18) 0.47422(18)
δK /kHz 24.4935(22) 22.099(24) 25.225(14) 25.212(82) 24.683(96)
ΦJ /Hz 0.0064338(17) 0.006345(26) 0.006244(26) 0.006038(38) 0.005952(39)
ΦJK /Hz −0.00425(40) 0.0541(96) 0.0324(86) −0.126(17) −0.244(23)
ΦKJ /Hz −7.7804(39) −5.74(11) −5.18(11) 0.59(23) 1.52(22)
ΦK /Hz 384.762(63) 399.73(71) −86.8(11) 428.(396) −1858.(389)
φJ /Hz 0.00236953(79) 0.002405(22) 0.0021005(36) 0.002185(23) 0.002136(22)
φJK /Hz 0.14283(40) 0.1151(27) 0.1698(18) 0.145(13) 0.135(14)
φK /Hz 37.011(58) 51.4(12) 38.0(11) 17.1(27) −5.6(38)
LJ /mHz −0.000026315(71) −0.0000263(15) −0.0000202(14) [0.] [0.]
LJJK /mHz −0.001077(29) −0.01178(86) −0.00659(91) [0.] [0.]
LJK /mHz 0.4279(30) −0.0703(85) [0.] [0.] [0.]
LKKJ /mHz 0.012(12) 4.00(18) −9.63(17) [0.] [0.]
LK /mHz −61.41(17) −55.6(29) 462.9(45) [0.] [0.]
lJ /mHz −0.000011602(36) −0.0000165(13) [0.] [0.] [0.]
lJK /mHz −0.000956(20) [0.] [0.] [0.] [0.]
lKJ /mHz −0.1436(46) −1.79(11) −0.86(12) [0.] [0.]
lK /mHz 8.91(18) [0.] 9.21(43) [0..] [0.]
PKJ /mHz −0.0000156(31) −0.000147(14) [0.] [0.] [0.]
PKKJ /mHz −0.0001977(57) [0.] [0.] [0.] [0.]
PK /mHz 0.00867(15) 0.0286(23) −0.3457(49) [0.] [0.]
∆Eb/MHz 0.0 71695.20(16) 0.0 193216.69(90)
∆E/cm−1 0.0 2.391494(5) 0.0 6.44502(3)
Nclines 4490,0 2135,55 1837,136 842,3 860,7
σdfit/MHz 0.144 0.324e 0.382e 0.137 f 0.164 f
σdrms 0.713 1.446 1.872 1.289 1.551
Notes. (a) Round parentheses enclose standard errors in units of the last quoted digit of the value of the constant; square parentheses enclose
assumed values. (b) The fitted vibrational energy difference relative to the lowest vibrational state in the respective dyad. (c) The number of distinct
frequency fitted lines and the number of lines rejected at the 10σ fitting criterion of the SPFIT program. (d) Deviations of fit for the different
vibrational subsets. (e) The coupled fit for the 310 ⇔ 311315 dyad encompasses 3978 lines, at an overall σfit of 0.352 MHz and requires also the use
of constants reported in TableA.2. ( f ) The coupled fit for the 311310 ⇔ 2311315 dyad encompasses 1702 lines, at an overall σfit of 0.151 MHz and
requires also the use of constants reported in TableA.2.
Fig. 1 and states of different symmetry need to be connected by
a- and b-type Coriolis interactions, while states of the same sym-
metry are coupled via c-type Coriolis and Fermi interactions.
The Hamiltonian and the techniques of analysis used to deal with
this type of problem have been described in detail in Kisiel et al.
(2009a, 2012). This type of analysis is far from trivial, but its
eventual success for the polyads near 560, 680, and 790 cm−1
is confirmed in Table 1 by the magnitudes of the deviations of
fit in relation to the numbers of fitted lines and their broad fre-
quency coverage. In the most extensive of the present analyses,
for the 310 = 1 ⇔ (311 = 1,315 = 1) dyad, the fit encompasses
almost 4000 lines in addition to aR-type transitions that include
bQ- and bR-types. We use the 10σ cutoff criterion of SPFIT to
prevent lines perturbed by factors outside the model from un-
duly affecting the fit, and a moderate number of such lines (191)
are rejected for this dyad. These are confidently assigned lines,
generally in high-J tails of some transition sequences for higher
values of Ka, but their incompatibility suggests that there is hope
for a final global fit with coupling between the polyads. At the
present stage, the success of the perturbation fits is further re-
flected by additive vibrational changes in values of quartic cen-
trifugal distortion constants and by the relative changes in per-
turbation constants between the two dyads listed in TableA.2,
which are similar to those found for the well studied case of
ClONO2 (Kisiel et al. 2009b).
Unlike the situation in the ground state of vinyl cyanide
(Kisiel et al. 2009a), the perturbations visible in the presently
studied polyads are not a spectroscopic curiosity but affect the
strongest, low-Ka, aR-type transitions. Such transitions occur
in the mm- and submm-wave regions which are normally the
choice for astrophysical studies. This effect is illustrated by the
scaled plots in Fig. 3, which would have the form of near hori-
zontal, very smoothly changing lines in the absence of perturba-
tions. Perturbations lead to the marked spike shaped features in
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Fig. 3. Effect of vibration-rotation perturbations on frequencies of the
strongest rotational transitions in the 310 ⇔ 311315 dyad of vibrational
states. The plotted quantities are scaled frequency differences relative
to the same transitions in the ground state. Continuous lines are predic-
tions from the final fit; circles mark assigned lines and traces in each
panel have added vertical shifts to improve clarity.
these plots. Since evaluation of the Hamiltonian is made in sep-
arate blocks for each value of J, the perturbations affecting the
two coupling states should have a mirror image form, as seen in
Fig. 3. The scaled nature of these plots hides the reason that per-
turbations to the frequencies of many lines are considerable. For
example, the peak of the rightmost spike in Fig. 3 corresponds to
a perturbation shift of close to 50 × 64 MHz, namely 3.2 GHz.
The frequencies of aR-transitions corresponding to the maxi-
mum perturbation peaks visible in Fig. 3 are 154.1, 183.4, 301.4,
456.5, and 620.8 GHz for 310, and 131.9, 174.9, 290.3, 443.3,
604.9 GHz for 311315. A significant number of transitions around
such peaks are also clearly perturbed. The perturbations are not
limited to frequency but also extend to intensities, which are of-
ten significantly decreased for pure rotation transitions near the
perturbation maxima. The considerable energy level mixing in
these cases leads instead to the appearance of transitions be-
tween the perturbing vibrational states. These transitions could
only be predicted accurately in the final stages of the perturba-
tion analysis but were easily found in the compiled broadband
laboratory spectrum and are explicitly identified in the data files.
Fortunately, the line lists generated from perturbation fits with
the use of the SPCAT program reflect both frequency and in-
tensity perturbations. Accounting for such effects at laboratory
experimental accuracy is therefore the key to successful astro-
physical studies.
Above the 310311 ⇔ 2311315 dyad, the density of vibrational
states rapidly increases. The complexity of a thorough analysis
appears to be too forbidding at this stage, but it is possible to
check how successfully some of these states can be encompassed
by single state, effective fits. The 39 vibrational state seems to be
the most isolated, and its analysis could be taken up to Ka = 7
and transition frequencies of 570 GHz. In contrast, the easy to
locate 4311 state exhibited very incomplete sequences of transi-
tions even at low values of Ka, so that its analysis could only
be taken up to Ka = 5. The very fragmentary nature of line se-
quences for this state illustrates the limitations of single state
approaches, but it nevertheless provides a useful starting point
for any future work. The complete results of fit and the primary
data files for the SPFIT program for all coupled and single-state
effective fits are available online5, while the predicted linelists
will be incorporated in the JPL database.
3.2. Vibrational energies
In Table 1 we report a consistent set of vibrational energies for
the studied excited states of vinyl cyanide, which are evalu-
ated by taking advantage of results from the various perturbation
analyses. The values for 3311 and 4311 are from 311 and the an-
harmonicity coefficient x11,11 fromKisiel et al. (2012). The value
for 311315 comes from 311 and 315 augmented by x11,15, which
is calculated at the CCSD(T)/cc-PVDZ level that was bench-
marked in Kisiel et al. (2012) as the optimum level for eval-
uating this type of constant for vinyl cyanide. The remaining
vibrational energies in the lower dyad, and the triad are evalu-
ated using the precise ∆E values from the perturbation analyses.
Finally, 310311 comes from 310 and 311 augmented by ab initio
x10,11. A double check of this procedure is provided by an alter-
native evaluation for 2315 based on ab initio x15,15, which gives a
result within 0.5 cm−1 of the more reliable tabulated value. Only
the vibrational energy for 39 comes from the low resolution gas
phase infrared spectrum (Halverson et al. 1948).
4. Astronomical detection of vinyl cyanide species
Thanks to these new laboratory data, we identified and detected
the 310 = 1 ⇔ (311 = 1,315 = 1) vibrational modes of CH2CHCN
for the first time in space. A consistent analysis of all detected
species of vinyl cyanide have been made to outline the knowl-
edge of our astrophysical environment.We also report the detec-
tion of methyl isocyanide for the first time in Orion KL and a
tentative detection of vinyl isocyanide and calculate abundance
ratios between the cyanide species and their corresponding iso-
cyanide isomers.
4.1. Observations and overall results
4.1.1. 1D Orion-KL line survey
The line survey was performed over three millimeter windows
(3, 2, and 1.3 mm) with the IRAM-30 m telescope (Granada,
Spain). The observations were carried out between September
2004 and January 2007 pointing toward the IRc2 source at
α2000.0 = 5h35m14.5s and δ2000.0 = −5◦22′30.0′′. All the ob-
servations were performed using the wobbler switching mode
with a beam throw in azimuth of ±120′′. System temperatures
were in the range of 100–800 K from the lowest to the highest
frequencies. The intensity scale was calibrated using the atmo-
spheric transmission model (ATM, Cernicharo 1985; Pardo et al.
2001a). Focus and pointing were checked every 1–2 h. Backends
provided a spectrum of 1–1.25 MHz of spectral resolution. All
5 http://info.ifpan.edu.pl/~kisiel/data.htm
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spectra were single-side band reduced. For further information
about observations and data reduction, see Tercero et al. (2010)6.
All figures are shown in main beam temperature (TMB) that is
related to the antenna temperature (T ∗A) by the equation: TMB =
T ∗A/ηMB, where ηMB is the main beam efficiency which depends
on the frequency.
According to previous works, we characterize at least four
different cloud components overlapping in the beam in the anal-
ysis of low angular resolution line surveys of Orion-KL (see,
e.g., Blake et al. 1987, 1996; Tercero et al. 2010, 2011): (i) a
narrow (∼4 km s−1 line-width) component at vLSR ' 9 km s−1
delineating a north-to-south extended ridge or ambient cloud
or an extended region with Tk ' 60 K, n(H2) ' 105 cm−3;
(ii) a compact (dsou ' 15′′) and quiescent region, or the com-
pact ridge, (vLSR ' 7–8 km s−1, ∆v ' 3 km s−1, Tk ' 150 K,
n(H2) ' 106 cm−3); (iii) the plateau, or a mixture of outflows,
shocks, and interactions with the ambient cloud (vLSR ' 6–
10 km s−1, ∆v & 25 km s−1, Tk ' 150K, n(H2) ' 106 cm−3,
and dsou ' 30′′); (iv) a hot core component (vLSR ' 5 km s−1,
∆v ' 5–15km s−1, Tk ' 250 K, n(H2) ' 5 × 107 cm−3, and
dsou ' 10′′). Nevertheless, we found a more complex structure
of that cloud (density and temperature gradients of these com-
ponents and spectral features at a vLSR of 15.5 and 21.5 km s−1
related with the outflows) in our analysis of different families
of molecules (see, e.g., Tercero et al. 2011; Daly et al. 2013;
Esplugues et al. 2013a).
4.1.2. 2D survey observations
We also carried out a two-dimensional line survey with
the same telescope in the ranges 85−95.3, 105−117.4, and
200.4−298 GHz (N. Marcelino et al. priv. comm.) during 2008
and 2010. This 2D survey consists of maps of 140 × 140 arcsec2
area with a sampling of 4 arcsec using a On-The-Fly mapping
mode with a reference position 10 arcmin west of Orion-KL.
The EMIR heterodyne receivers were used for all the observa-
tions except for 220 GHz frequency setting, for which the HERA
receiver array was used. As backend, we used theWILMA back-
end spectrometer for all spectra (bandwidth of 4 GHz and 2MHz
of spectral resolution) and the FFTS (Fast Fourier Transform
Spectrometer, 200 kHz of spectral resolution) for frequencies be-
tween 245−259, 264.4−278.6, and 289–298 GHz. Pointing and
focus were checked every 2 h giving errors less than 3 arcsec.
The data were reduced using the GILDAS package7 by remov-
ing bad pixels, checking for image sideband contamination and
emission from the reference position, and fitting and removing
first order baselines. Six transitions of CH2CHCN have been
selected to study the spatial extent of their emission with this
2D line survey.
4.2. Results
4.2.1. Detection of CH2CHCN: its vibrationally excited states
and its isotopologues in Orion-KL
Vinyl cyanide shows emission from a large number of rota-
tional lines through the frequency band 80–280 GHz. The dense
and hot conditions of Orion-KL populate the low-lying energy
6 The data of the IRAM-30 m line survey of Orion-KL are available
is ASCII format on request to B. Tercero and J. Cernicharo and will be
available on the IRAM web page.
7 http://www.iram.fr/IRAMFR/GILDAS
excited states. Here, we present the first interstellar detection of
the 310 = 1⇔(311 = 1,315 = 1) vibrational excited state.
Figures 4−8 and A.1 show selected detected lines of the
g.s. of vinyl cyanide and five vibrationally excited states of the
main isotopologue CH2CHCN: in plane C-C≡N bending mode
(311 = 1, 228.1 cm−1 or 328.5K), out of plane C-C≡N bend-
ing mode (315 = 1, 332.7 cm−1 or 478.6K), in plane C-C≡N
bending mode (311 = 2, 457.2 cm−1 or 657.8K), in a combi-
nation state (310 = 1⇔(311 = 1,315 = 1), 560.5/562.9cm−1 or
806.4/809.9K), and in plane C-C≡N bending mode (311 = 3,
686.6 cm−1 or 987.9K). The latter is in the detection limit, so
we do not address the perturbations of this vibrational mode.
In addition, we detected the following isotopologues of vinyl
cyanide in its ground state: 13CH2CHCN, CH213CHCN, and
CH2CH13CN (see Fig. 9). For CH2CHC15N and the deuter-
ated species of vinyl cyanide, DCHCHCN, HCDCHCN, and
CH2CDCN (see Fig. A.2), we only provided a tentative detec-
tion in Orion-KL because of the small number of lines with an
uncertainty in frequency less than 2MHz (up to Ka = 7, 5, 15
for DCHCHCN, HCDCHCN, and CH2CDCN, respectively), the
weakness of the features, and/or their overlap with other molec-
ular species.
Tables A.6−A.13 show observed and laboratory line param-
eters for the ground state, the vibrationally excited states, and the
13C-vinyl cyanide isotopologues. Spectroscopic constants were
derived from a fit with the MADEX code (Cernicharo 2012) to
the lines reported by Kisiel et al. (2009a, 2012), Cazzoli & Kisiel
(1988), and Colmont et al. (1997). For the 310 = 1 ⇔ (311 = 1,
315 = 1) state, spectroscopic constants are those derived in this
work; dipole moments were fromKrasnicki & Kisiel (2011). All
these parameters have been implemented in MADEX to obtain
the predicted frequencies and the spectroscopic line parameters.
We have displayed rotational lines that are not strongly over-
lapped with lines from other species. Observational parameters
have been derived by Gaussian fits (using the GILDAS soft-
ware) to the observed line profiles that are not blendedwith other
features. For moderately blended and weak lines, we show ob-
served radial velocities and intensities given directly from the
peak channel of the line in the spectra, so contribution from
other species or errors in baselines could appear for these val-
ues. Therefore, the main beam temperature for the weaker lines
(TMB < 0.1 K) must be considered as an upper limit.
From the derived Gaussian fits, we observe that vinyl
cyanide lines reflect the spectral line parameters corresponding
to hot core/plateau components (vLSR between 2–3 km s−1 for the
component of 20 km s−1 of line width, and 5–6 km s−1 for the
component of 6 km s−1 of line width). As shown by Daly et al.
(2013) there is a broad component associated to the hot core that
limits the accuracy of the derived velocities for the hot core and
this broad component. Our velocity components for CH2CHCN
agree with those of CH3CH2CN obtained by Daly et al. (2013).
Besides, for the vibrationally excited states, we found contribu-
tion of a narrow component with a vLSR of 3–6 km s−1 and a line
width of '7 km s−1.
We rely on catalogs8 to identify possible contributions from
other species overlapping the detected lines (Tercero 2012), but
it should be necessary to perform radiative transfer modeling
with all the known molecules in order to precisely assess how
much the contamination from other species influences the vinyl
cyanide lines.
8 Cernicharo private catalogs, CDMS (Müller et al. 2001, 2005), and
JPL (Pickett et al. 1998).
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Fig. 4. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of vinyl cyanide in the ground state. The cyan line cor-
responds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species. A vLSR
of 5 km s−1 is assumed.
Table 3. Number of identified lines of CH2CHCN species.
Species Detectable Unblended Partially Totally
blended blended
CH2CHCN g. s. (a-type) 350 204 (59%) 85 (24%) 61 (17%)
CH2CHCN 311 = 1 307 111 (36%) 75 (25%) 121 (39%)
CH2CHCN 311 = 2 253 59 (23%) 35 (14%) 159 (63%)
CH2CHCN 311 = 3 245 30 (12%) 33 (14%) 182 (74%)
CH2CHCN 315 = 1 287 68 (24%) 62 (22%) 157 (55%)
CH2CHCN
310 = 1⇔(311 = 1,315 = 1) 474 65 (14%) 64 (14%) 345 (73%)
(13C)-CH2CHCN 348 102 (29%) 115 (33%) 131 (38%)
Table 3 shows the number of lines of vinyl cyanide identi-
fied in this work. Our identifications are based on a whole in-
spection of the data and the modeled synthetic spectrum of the
molecule we are studying (where we obtain the total number of
detectable lines) and all species already identified in our pre-
vious papers. We consider blended lines when these are close
enough to other stronger features. Unblended features are those,
which present the expected radial velocity (matching our model
with the peak channel of the line) (see, e.g., lines at 115.00
and 174.36 GHz in Fig. 5 or the line at 247.55 GHz in Fig. 8),
and there are not another species at the same observed frequency
(±3 MHz) with significant intensity. Partially blended lines are
those which present either a mismatch in the peak channel of
the line or significant contribution from another species at the
peak channel of the feature (see, e.g., the line at 108.16 GHz in
Fig. 8). Generally, these lines also present a mismatch in inten-
sity; see, e.g., line at 152.0 GHz in Fig. 6. If we do not found
the line for the unblended frequencies we are looking for, then
we do not claim detection, so we do not accept missing lines
in the detected species. For species with quite strong lines (g.s.,
311 = 1, and 315 = 1), most of the totally and partially blended
lines are weaker due to the high energy of their transitions (see
Tables A.6, A.8, and A.11). We observed a total number of '640
unblended lines of vinyl cyanide species. Considering also the
moderately blended lines, this number rises to '1100. We de-
tected lines of vinyl cyanide in the g.s. with a maximum upper
level energy value of about 1400–1450K by corresponding to a
Jmax = 30 and a (Ka)max = 24. For the vibrational states we ob-
served transitions with maximum quantum rotational numbers
of (Ka)max = 20,15,17,16,15 from the lowest energy vibrational
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Fig. 5. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of CH2CHCN of 311 = 1. The cyan line corresponds to
the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species. A vLSR of 5 km s−1 is
assumed.
Fig. 6. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) for the 315 = 1 vibrational state of CH2CHCN. The cyan
line corresponds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species.
A vLSR of 5 km s−1 is assumed.
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Fig. 7. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) for the 311 = 2 vibrational state of CH2CHCN. The cyan
line corresponds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species.
A vLSR of 5 km s−1 is assumed.
Fig. 8. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) for combined vibrationally excited states of CH2CHCN in
the 310 = 1 ⇔ (311 = 1, 315 = 1) dyad. The cyan line corresponds to the model of the molecules we have already studied in this survey (see text
Sect. 4.4.2), including the CH2CHCN species. A vLSR of 5 km s−1 is assumed.
state to the highest (i.e., from 311 = 1 to 311 = 3) and the same
Jmax = 30 value up to the maximum Eupp between 1300–1690K.
4.2.2. CH2CHCN maps
Figure 10 shows maps of the integrated emission of six tran-
sitions in the g.s. of CH2CHCN at different velocity ranges.
From line 1 to 6: 121,12–111,11 (110 839.98MHz, Eupp =
36.8K), 240,24–230,23 (221 766.03MHz, Eupp = 134.5K),
242,23–232,22 (226 256.88MHz, Eupp = 144.8K), 261,26–
251,25 (238 726.81MHz, Eupp = 157.4K), 262,25–252,24
(244 857.47MHz, Eupp = 167.9K), and 2410,15–2310,14 and
2410,14–2310,13 (228 017.34MHz, Eupp = 352.0K). These maps
reveal the emission from two cloud components: a component
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Fig. 9. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of 13C isotopes for CH2CHCN in the ground state. The
subindex in 13Ci (i = 1, 2, 3) corresponds to the position of the isotope in the molecule (i1CHi22 CHi3CN). The cyan line corresponds to the model
of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species. A vLSR of 5 km s−1 is assumed.
Fig. 10. Integrated intensity maps for 6 ground state transitions of vinyl cyanide. From line 1 (top row) to 6 (bottom row): 121,12–111,11
(110 839.98MHz, 36.8K), 240,24–230,23 (221 766.03MHz, 134.5 K), 242,23–232,22 (226 256.88MHz, 144.8 K), 261,26–251,25 (238 726.808MHz,
157.4K), 262,25–252,24 (244 857.47MHz, 167.9 K), and 2410,15–2310,14 and 2410,14–2310,13 (228017.34MHz, 352.0K) at different velocity ranges
(indicated in the top of each column). Three boxes have been blanked because the emission at these velocities was blended with that from other
well known species. For each box axis are in units of arcseconds (∆α, ∆δ). Color logarithm scale is the integrated intensity (
∫
T ∗Adv) in units
of K km s−1.
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Fig. 11. Rotational diagram of CH2CHCN in its ground state. The upper panel displays the two components derived from the line profiles.
The middle panel shows two linear fits to the narrow component points; these linear regressions yield temperatures and column densities of
Trot = 125 ± 16K and N = (1.3 ± 0.1) × 1015 cm−2 (Qrot = 7.06 × 103), and Trot = 322 ± 57K and N = (1.0 ± 0.2) × 1015 cm−2 (Qrot = 2.92 × 104).
Likewise, the bottom panel shows another two linear fits to the points corresponding to the wide component. The results of these fits are rotational
temperatures of Trot = 90 ± 14K and Trot = 227 ± 130K, and column densities of (2.9 ± 0.5) × 1015 cm−2 (Qrot = 4.31 × 103) and (1.2 ± 0.9) ×
1015 cm−2 (Qrot = 1.73 × 104), respectively.
at the position of the hot core at velocities from 2 to 8 km s−1
and a component with a slight displacement of the intensity
peak at the extreme velocities. The intensity peak of the cen-
tral velocities coincides with that of the -CN bearing molecules
found by Guélin et al. 2008 (maps of one transition of ethyl and
vinyl cyanide) and Daly et al. (2013) (maps of four transitions
of ethyl cyanide). We note a more compact structure in the maps
of the transitions at 352.0K. Our maps do not show a more ex-
tended component found in the ethyl cyanide maps by Daly et al.
(2013). We have obtained an angular source size between 7′′–
10′′ (in agreement with the hot core diameter provided by dif-
ferent authors; see, e.g., Crockett et al. 2014; Neil et al. 2013;
Beuther & Nissen 2008) for central and extreme velocities by
assuming emission within the half flux level and corrected for
the size of the telescope beam at the observed frequency. These
integrated intensity maps allow us to provide the offset position
with respect to IRc2 and the source diameter parameters needed
for modeling the vinyl cyanide species (see Sect. 4.4.1).
4.3. Rotational diagrams of CH2CHCN (g.s., 311 = 1, 2,
and 315 = 1)
To obtain an estimate of the rotational temperature (Trot) for dif-
ferent velocity components, we made rotational diagrams, which
related the molecular parameters with the observational ones
(Eq. (1); see e.g., Goldsmith & Langer 1999) for CH2CHCN in
its ground state (Fig. 11) and for the lowest vibrationally excited
states 311 = 1, 2, and 315 = 1 (Fig. 12). Assumptions, such as
LTE approximation and optically thin lines (see Sect. 4.4.4), are
required in this analysis. We have taken the effect of dilution of
the telescope into account, which was corrected by calculation
of the beam dilution factor (Demyk et al. 2008, Eq. (2)):
ln
(
Nu
gu
)
= ln
(
8pikν2Wobs
hc3Aulgu
)
= ln
(
N
Qrot
)
−
Eupp
kTrot
+ ln b, (1)
b = ΩS
ΩA
=
θ2S
θ2S + θ
2
B
, (2)
where Nu is the column density of the considered vinyl cyanide
species in the upper state (cm−2), gu is the statistical weight
in the upper level, Wobs (K cm s−1) is the integrated line inten-
sity (Wobs =
∫
TMBobs(v)dv), Aul is the Einstein A-coefficient
for spontaneous emission, N (cm−2) is the total column den-
sity of the considered vinyl cyanide species, Qrot is the rotational
partition function, which depends on the rotational temperature
derived from the diagrams, Eupp (K) is the upper level energy,
and Trot (K) is the rotational temperature. In Eq. (2), b is the
beam dilution factor, ΩS and ΩA are the solid angle subtended
by the source and under the main beam of the telescope, respec-
tively, and θS and θB are the angular diameter of the source and
the beam of the telescope, respectively. We note that the factor b
increases the fraction Nu/gu in Eq. (1) and yields a higher column
density than if it were not considered.
For the g.s., we used 117 transitions free of blending with
upper level energies from 20.4 to 683.1K with two different
velocity components: one with vLSR = 4–6 km s−1 and ∆v =
4–7 km s−1 and the second one with vLSR = 2–4 km s−1 and
A44, page 12 of 39
98 Capı´tulo 5: Trabajos publicados
A. López et al.: Vibrationally excited vinyl cyanide in Orion-KL
Fig. 12. Rotational diagrams for the vibrationally excited states of vinyl cyanide 311 = 1, 315 = 1, and 311 = 2 as a function of rotational energy
(upper level energy corrected from the vibrational energy of each state), which sorted by increasing vibrational energy from top to bottom.
∆v = 14–20km s−1. For the vibrationally excited states, we con-
sidered 43 (40–550K), 24 (30–380K), and 33 (25–370K) transi-
tions with line profiles that can be fitted to a single velocity com-
ponent (vLSR = 4–6 km s−1 and ∆v = 5–7 km s−1) for 311 = 1, 2,
and 315 = 1, respectively.
The scatter in the rotational diagrams of CH2CHCN g.s. is
mainly due to the uncertainty of fitting two Gaussian profiles to
the lines with the CLASS software. Rotational diagrams of the
vibrationally excited states (ν11 = 1 and ν15 = 1) are less scat-
tered because there is only one fitted Gaussian to the line pro-
file. For the rotational diagram of the ν11 = 2 state, the scatter is
mostly due to the weakness of the observed lines for this species.
We have done an effort to perform the diagrams with unblended
lines; however, some degree of uncertainty could come from
non-obvious blends. The individual errors of the data points are
those derived by error propagation in the calculated uncertainty
of ln(Nu/gu), taking only the uncertainty of the integrated inten-
sity of each line (W) provided by CLASS and an error of 20%
for the source diameter into account. The uncertainty of the fi-
nal values of Trot and N has been calculated with the statistical
errors given by the linear least squares fit for the slope and the
intercept.
We assumed the same source diameter of 10′′ for the emit-
ting region of the two components for the g.s. and the single
component of the vibrationally excited states. In Fig. 11, the
upper panel shows points in the diagram related with the wide
and narrow components for the CH2CHCN g.s. We observed
two tendencies in the position of the data points up to/starting
from an upper state energy of '200K. From the narrow compo-
nent, we derived two different rotational temperatures and col-
umn densities, Trot = 125±16K and N = (1.3±0.1)×1015 cm−2,
and Trot = 322±57K and N = (1.0±0.2)×1015 cm−2. Likewise,
from the wide component, we have determined cold and hot
temperatures of about Trot = 90 ± 14K and Trot = 227 ± 130K,
and column densities of N = (2.9 ± 0.5) × 1015 cm−2 and
N = (1.2 ± 0.9) × 1015 cm−2, respectively.
To quantify the uncertainty derived from the assumed
source size, we also have performed the rotational diagram
of CH2CHCN g.s. by adopting a source diameter of both 5′′
and 15′′. The main effect of changing the source size on the
rotational diagram is a change in the slope and in the scatter.
Table 4 shows the derived values of N and Trot by assuming
different source sizes. Therefore, as expected, derived rotational
temperatures depend clearly on the assumed size with a tendency
to increase Trot when increasing the source diameter. The effect
on the column density is less significant also due to the correc-
tion on the partition function introduced by the change in the
rotational temperatures; in general, these values increased or de-
creased when we decreased or increased the source size, respec-
tively (see Table 4).
In Fig. 12, the panels display the rotational diagrams of the
three vinyl cyanide excited states 311 = 1, 315 = 1, and 311 = 2,
which are sorted by the vibrational energy from top to bottom.
In the x-axis we show the rotational energy which has been cor-
rected from the vibrational energy to estimate the appropriate
column density. We also observed the same tendency of the data
points quoted above. The rotational temperature and the column
density conditions for the 311 = 1 were Trot = 125 ± 14K
and (2.9 ± 0.3) × 1014 cm−2, and Trot = 322 ± 104K and
N = (3 ± 1) × 1014 cm−2. For the 315 = 1 state we determine
Trot = 100 ± 20K and N = (1.2 ± 0.2) × 1014 cm−2, and Trot =
250±10K and N = (2.4±0.1)×1014 cm−2. For the 311 = 2 state
we find that Trot = 123 ± 68K and N = (1.0 ± 0.5) × 1014 cm−2,
and Trot = 333 ± 87K and N = (1.3 ± 0.3) × 1014 cm−2.
Owing to the weakness of the emission lines of the 311 = 3 and
310 = 1 ⇔ (311 = 1,315 = 1) vibrational modes, we have not
performed rotational diagrams for these species.
A44, page 13 of 39
Capı´tulo 5: Trabajos publicados 99
A&A 572, A44 (2014)
Table 4. N and Trot from rotational diagrams of CH2CHCN g.s. which assumes different source sizes.
Hot narrow comp. Cold narrow comp. Hot wide comp. Cold wide comp.
vLSR = 4–6 km s−1 ∆v = 4–7 km s−1 vLSR = 2–4 km s−1 ∆v = 14–20 km s−1
dsou = 5′′ N = (2.3 ± 0.7) × 1015 cm−2 N = (3.8 ± 0.8) × 1015 cm−2 N = (1.1 ± 0.9) × 1015 cm−2 N = (4.8 ± 0.5) × 1015 cm−2
Trot = (334 ± 89) K Trot = (100 ± 20) K Trot = (210 ± 132) K Trot = (71 ± 5) K
dsou = 10′′ N = (1.0 ± 0.2) × 1015 cm−2 N = (1.3 ± 0.1) × 1015 cm−2 N = (1.2 ± 0.9) × 1015 cm−2 N = (2.9 ± 0.5) × 1015 cm−2
Trot = (322 ± 57) K Trot = (125 ± 16) K Trot = (227 ± 130) K Trot = (90 ± 14) K
dsou = 15′′ N = (6.9 ± 1.9) × 1014 cm−2 N = (1.0 ± 0.2) × 1015 cm−2 N = (9 ± 6) × 1014 cm−2 N = (1.0 ± 0.1) × 1015 cm−2
Trot = (326 ± 85) K Trot = (166 ± 55) K Trot = (250 ± 125) K Trot = (100 ± 10) K
Fig. 13. Rotational diagram of CH2CHCN in its ground and excited
states as shown as a function of rotational energy corrected from the
vibrational energy in the upper panel, while the bottom panel displays
the ground state followed by CH2CHCN 311 = 1, 315 = 1, and 311 = 2
excited states as a function of the upper level energy.
Figure 13 displays the combined rotational diagram for the
ground state of CH2CHCN and 311 = 1, 315 = 1, and 311 = 2
excited states. The upper panel is referred to the rotational level
energies of the vinyl cyanide states, whereas the bottom panel
shows the positions of the different rotational diagrams in the
upper level energies when taking the vibrational energy for the
excited states into account.
Owing to the large range of energies and the amount of tran-
sitions in these rotational diagrams we consider the obtained re-
sults (Trot) as a starting point in our models (see Sect. 4.4.1).
4.4. Astronomical modeling of CH2CHCN in Orion-KL
4.4.1. Analysis: the Model
From the observational line parameters derived in Sect. 4.2.1
(radial velocities and line widths), the displayed maps, and the
rotational diagram results (two components, cold and hot, for
each derived Gaussian fit to the line profiles), we consider that
the emission of CH2CHCN species comes mainly from the four
regions shown in Table 5, which are related with the hot core
(those with ∆v = 6–7 km s−1) and plateau/hot core (those with
∆v = 20 km s−1) components. Daly et al. (2013) found that
three components related with the hot core were enough to
properly fit their ethyl cyanide lines. The named “Hot Core 1”
and “Hot Core 3” in Daly et al. (2013) are similar to our “Hot
narrow comp.” and “Cold wide comp.” of Table 5, respectively.
Interferometric maps performed by Guélin et al. (2008) of ethyl
and vinyl cyanide and those ofWidicusWeaver & Friedel (2012)
of CH3CH2CN (the latter authors affirm that in their observa-
tions CH3CH2CN, CH2CHCN, and CH3CN are cospatial) show
that the emission from these species comes from different cores
at the position of the hot core and IRc7. The radial velocities
found in the line profiles of vinyl cyanide (between 3–5 km s−1)
in this work with the cited interferometric maps could indicate
that the four components of Table 5 are dominated by the emis-
sion of the hot core. For the vibrationally excited states and for
the isotopologues, we found that two components (both narrow
components) are sufficient to reproduce the line profiles (see
Table 5). We note that we need a higher value in the line width
for 311 = 1 and 315 = 1. This difference is probably due to a
small contribution of the wide component in these lines.
Spectroscopic (Sect. 2) and observational parameters, such
as radial velocity (vLSR), line width (∆v), temperature from ro-
tational diagrams (Trot), source diameter (dsou) and offsets from
the maps, were introduced in an excitation and radiative transfer
code (MADEX) in order to obtain the synthetic spectrum. We
have considered the telescope dilution and the position of the
components with respect to the pointing position (IRc2). The
LTE conditions have been assumed by owing to the lack of col-
lisional rates for vinyl cyanide, which prevents a more detailed
analysis of the emission of this molecule. Nevertheless, we ex-
pect a good approximation to the physical and chemical condi-
tions due to the hot and dense nature of the considered compo-
nents. Rotational temperatures (which coincide with the excited
and kinetic temperatures in LTE conditions) have been slightly
adapted from those of the rotational diagrams to obtain the best
fit to the line profiles. These models allow us to obtain column
density results for each species and components independently.
The sources of uncertainty that were described in Tercero et al.
(2010) have been considered. For the CH2CHCN g.s., 311 = 1,
and 315 = 1 states we have adopted an uncertainty of 30%, while
we have adopted a 50% uncertainty for the 13C isotopologues
and the 311 = 2, 311 = 3, and 310 = 1 ⇔ (311 = 1,315 = 1) states.
Due to the weakness and/or high overlap with other molecular
species, we only provided upper limits to the column densities
of monodeuterated vinyl cyanide and the 15N isotopologue.
4.4.2. Column densities
The column densities that best reproduce the observations are
shown in Table 5 and used for the model in Figs. 4−9 and A.2.
Although the differences between the intensity of the model and
that of the observations are mostly caused by blending with other
molecular species, isolated vinyl cyanide lines confirm a good
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Table 5. Physico-chemical conditions of Orion-KL from ground and excited states of CH2CHCN.
Hot narrow comp. Cold narrow comp. Hot wide comp. Cold wide comp.
dsou (”) 5 10 5 10
offset (”) 2 2 0 0
∆vFWHM (km s−1) 6(7*) 6(7*) 20 20
vLSR (km s−1) 5 5 3 3
T rot (K) 320 100 200 90
NCH2CHCN(g.s.) (cm−2) (3.0 ± 0.9) × 1015 (1.0 ± 0.3) × 1015 (9 ± 3) × 1014 (1.3 ± 0.4) × 1015
NCH2CHCN(311 = 1)(cm−2) (9 ± 3) × 1014 (2.5 ± 0.8) × 1014 ... ...
NCH2CHCN(311 = 2)(cm−2) (2 ± 1) × 1014 (5 ± 2) × 1013 ... ...
NCH2CHCN(311 = 3)(cm−2) ≤(2 ± 1) × 1014 ≤(5 ± 2) × 1013 ... ...
NCH2CHCN(315 = 1)(cm−2) (4 ± 1) × 1014 (1.0 ± 0.3) × 1014 ... ...
NCH2CHCN(310 = 1⇔(311 = 1,315 = 1))(cm−2) (4 ± 2) × 1014 (8 ± 4) × 1013 ... ...
N13CH2CHCN(cm−2) (4 ± 2) × 1014 (5 ± 2) × 1013 ... ...
NCH132 CHCN(cm
−2) (4 ± 2) × 1014 (5 ± 2) × 1013 ... ...
NCH2CH13CN(cm−2) (4 ± 2) × 1014 (5 ± 2) × 1013 ... ...
NCH2CHC15N(cm−2) ≤(1.0 ± 0.5) × 1014 ≤(2 ± 1) × 1013 ... ...
NHCDCHCN(cm−2) ≤(4 ± 2) × 1014 ≤(4 ± 2) × 1013 ... ...
NDCHCHCN(cm−2) ≤(4 ± 2) × 1014 ≤(4 ± 2) × 1013 ... ...
NCH2CDCN(cm−2) ≤(3 ± 1) × 1014 ≤(3 ± 1) × 1013 ... ...
Notes. Physico-chemical conditions of Orion-KL from vinyl cyanide (see text 4.4.1). * 7 km s−1 is only considered for 311 = 1 and 315 = 1 states.
agreement between model and observations.We found small dif-
ferences between the column density values from the model and
those from the rotational diagram, likely because of the source
diameters that are considered in the determination of the beam
dilution for the two components.
In Figs. 4−9, 15, 16, and A.1–A.5, a model with species
all already studied that have been in this survey is included
(cyan line). The considered molecules and published works
containing the detailed analysis for each species are as fol-
lows: OCS, CS, H2CS, HCS+, CCS, CCCS species in Tercero
et al. (2010); SiO and SiS species in Tercero et al. (2011);
SO and SO2 species in Esplugues et al. (2013a); HC3N and
HC5N species in Esplugues et al. (2013b); CH3CN in Bell
et al. (2014); CH3COOCH3 and t/g-CH3CH2OCOH in Tercero
et al. (2013); CH3CH2SH, CH3SH, CH3OH, CH3CH2OH
in Kolesniková et al. (2014); 13C-CH3CH2CN in Demyk
et al. (2007); CH3CH215N, CH3CHDCN, and CH2DCH2CN
in Margulès et al. (2009); CH3CH2CN species in Daly et al.
(2013); 13C-HCOOCH3 in Carvajal et al. (2009); DCOOCH3
and HCOOCH3 in Margulès et al. (2010); 18O-HCOOCH3 in
Tercero et al. (2012); HCOOCH2D in Coudert et al. (2013);
13C-HCOOCH3 νt = 1, and HCOOCH3 νt = 1 in Haykal et al.
(2014); NH2CHO ν12 = 1 and NH2CHO in Motiyenko et al.
(2007); CH2CHCN species in this work; HCOOCH3 νt = 2 and
CH3COOH from López et al. (in prep.).
We obtained a total column density of vinyl cyanide in the
ground state of (6 ± 2) × 1015 cm−2. This value is a factor 7
higher than the value in the Orion-KL hot core of Schilke et al.
(1997), who detected the vinyl cyanide g.s. in the frequency
range from 325 to 360 GHz with a column density (averaged
over a beam of 10′′–12′′) of 8.2 × 1014 cm−2 and a Trot of 96K.
The difference between both results is mostly due to our more
detailed model of vinyl cyanide which includes four compo-
nents, two of them with a source size of 5′′ (half than the beam
size in Schilke et al. 1997). Sutton et al. (1995) also derived a
column density of 1×1015 cm−2 (beam size of 13.7′′) toward the
hot core position. These authors found vinyl cyanide emission
toward the compact ridge position but at typical hot core veloc-
ities. Previous authors derived beam averaged column densities
between 4×1013 and 2×1014 cm−2 (Johansson et al. 1984; Blake
et al. 1987; Turner 1991; Ziurys & McGonagle 1993).
The column density of CH2CHCN 311 = 1, (1.0 ± 0.3) ×
1015 cm−2 is four times smaller than that derived for the ground
state in the same components. Moreover, we derived a column
density of (3 ± 2) × 1014, ≤(3 ± 2) × 1014, (5 ± 2) × 1014, and
(5 ± 2) × 1014 cm−2 for the 311 = 2, 311 = 3, 315 = 1, and 310 =
1 ⇔ (311 = 1,315 = 1) states, respectively. Schilke et al. (1997)
did not give column density results for the tentative detection of
311 = 1 and 315 = 1 bending modes. We also obtained a column
density of (4±2)×1014 cm−2 for each 13C-isotopologue of vinyl
cyanide.
4.4.3. Isotopic abundances
It is now possible to estimate the isotopic abundance ratio of the
main isotopologue (12C, 14N, 1H) with respect to 13C, 15N, and
D isotopologues from the obtained column densities shown in
Table 5. For estimating these ratios, we assume the same parti-
tion function for both the main and the rare isotopologues.
12C/13C: the column density ratio between the normal
species and each 13C isotopologue in Orion-KL, when the as-
sociated uncertainties are considered, vary between 4–20 for the
hot narrow component and between 10–43 for the cold narrow
component. The solar isotopic abundance (12C/13C = 90, Anders
& Grevesse 1989) corresponds roughly to a factor 2–22 higher
than the value obtained in Orion. The 12C/13C ratio indicates the
degree of galactic chemical evolution, so the solar system value
could point out earlier epoch conditions of this region (Wyckoff
et al. 2000; Savage et al. 2002). The following previous estimates
of the 12C/13C ratio in Orion-KL from observations of differ-
ent molecules have been reported: 43±7 from CN (Savage et al.
2002), 30–40 from HCN, HNC, OCS, H2CO, CH3OH (Blake
et al. 1987), 57±14 from CH3OH (Persson et al. 2007), 35 from
methyl formate (Carvajal et al. 2009, Haykal et al. 2014), 45±20
from CS-bearing molecules (Tercero et al. 2010), 73 ± 22 from
ethyl cyanide (Daly et al. 2013), and '3–17 from cyanoacety-
lene in the hot core (Esplugues et al. 2013b). Considering the
weakness of the 13C lines, the derived ratios are compatible
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Table 6. Line opacities.
Hot narrow comp. Cold narrow comp. Hot wide comp. Cold wide comp.
dsou = 10′′ dsou = 15′′ dsou = 10′′ dsou = 15′′
Transition Freq. (MHz) Eupp (K) N = 1.6 × 1015 cm−2 N = 3.6 × 1014 cm−2 N = 8.2 × 1013 cm−2 N = 9.2 × 1014 cm−2
110,11–100,10 103 575.4 29.9 τ = 2.76 × 10−3 τ = 8.99 × 10−3 τ = 1.22 × 10−4 τ = 8.70 × 10−3
143,11–133,10 133 030.7 67.3 τ = 3.83 × 10−3 τ = 9.72 × 10−3 τ = 1.58 × 10−4 τ = 9.03 × 10−3
180,18–170,17 167 728.4 77.1 τ = 6.33 × 10−3 τ = 1.51 × 10−2 τ = 2.57 × 10−4 τ = 1.39 × 10−2
230,23–220,22 212 788.7 123.8 τ = 8.89 × 10−3 τ = 1.55 × 10−2 τ = 3.31 × 10−4 τ = 1.35 × 10−2
254,21–244,20 237 712.0 182.8 τ = 8.78 × 10−3 τ = 1.02 × 10−2 τ = 2.93 × 10−4 τ = 8.39 × 10−3
280,28–270,27 257 646.2 181.4 τ = 1.10 × 10−2 τ = 1.30 × 10−2 τ = 3.68 × 10−4 τ = 1.07 × 10−2
300,30–290,29 275 588.1 207.4 τ = 1.25 × 10−2 τ = 1.15 × 10−2 τ = 3.71 × 10−4 τ = 9.20 × 10−3
dsou = 5′′ dsou = 10′′ dsou = 5′′ dsou = 10′′
Transition Freq. (MHz) Eupp (K) N = 3.0 × 1015 cm−2 N = 1.0 × 1015 cm−2 N = 9.0 × 1014 cm−2 N = 1.3 × 1015 cm−2
110,11–100,10 103 575.4 29.9 τ = 5.07 × 10−3 τ = 2.50 × 10−2 τ = 1.37 × 10−3 τ = 1.23 × 10−2
143,11–133,10 133 030.7 67.3 τ = 7.06 × 10−3 τ = 2.70 × 10−2 τ = 1.78 × 10−3 τ = 1.28 × 10−2
180,18–170,17 167 728.4 77.1 τ = 1.16 × 10−2 τ = 4.19 × 10−2 τ = 2.89 × 10−3 τ = 1.96 × 10−2
230,23–220,22 212 788.7 123.8 τ = 1.64 × 10−2 τ = 4.30 × 10−2 τ = 3.72 × 10−3 τ = 1.91 × 10−2
254,21–244,20 237 712.0 182.8 τ = 1.62 × 10−2 τ = 2.84 × 10−2 τ = 3.30 × 10−3 τ = 1.19 × 10−2
280,28–270,27 257 646.2 181.4 τ = 2.02 × 10−2 τ = 3.61 × 10−2 τ = 4.14 × 10−3 τ = 1.51 × 10−2
300,30–290,29 275 588.1 207.4 τ = 2.14 × 10−2 τ = 3.20 × 10−2 τ = 4.18 × 10−3 τ = 1.30 × 10−2
dsou = 2′′ dsou = 5′′ dsou = 2′′ dsou = 5′′
Transition Freq. (MHz) Eupp (K) N = 8.0 × 1015 cm−2 N = 4.8 × 1015 cm−2 N = 2.5 × 1014 cm−2 N = 4.4 × 1015 cm−2
110,11–100,10 103 575.4 29.9 τ = 1.35 × 10−2 τ = 1.20 × 10−1 τ = 3.80 × 10−4 τ = 4.16 × 10−2
143,11–133,10 133 030.7 67.3 τ = 1.88 × 10−2 τ = 1.30 × 10−1 τ = 4.94 × 10−4 τ = 4.32 × 10−2
180,18–170,17 167 728.4 77.1 τ = 3.11 × 10−2 τ = 2.01 × 10−1 τ = 8.02 × 10−4 τ = 6.64 × 10−2
230,23–220,22 212 788.7 123.8 τ = 4.36 × 10−2 τ = 2.06 × 10−1 τ = 1.03 × 10−3 τ = 6.48 × 10−2
254,21–244,20 237 712.0 182.8 τ = 4.31 × 10−2 τ = 1.37 × 10−1 τ = 9.16 × 10−4 τ = 4.01 × 10−2
280,28–270,27 257 646.2 181.4 τ = 5.39 × 10−2 τ = 1.73 × 10−1 τ = 1.15 × 10−3 τ = 5.10 × 10−2
300,30–290,29 275 588.1 207.4 τ = 5.71 × 10−2 τ = 1.54 × 10−1 τ = 1.16 × 10−3 τ = 4.40 × 10−2
Notes. Opacities for some lines of CH2CHCN g.s. at different frequencies that consider different source diameters and column densities (see text,
Sect. 4.4.4).
with a 12C/13C ratio between 30–45, which are found by other
authors. Nevertheless, our results point out a possible chemi-
cal fractionation enhancement of the 13C isotopologues of vinyl
cyanide. The intensity ratios derived in Sect. 4.4.4 also indicate
this possibility. This ratio might be underestimated if the lines
from the g.s. were optically thick. However, our model for the
assumed sizes of the source yields values of τ (optical depth) that
are much lower than unity (see Sect. 4.4.4). In Sgr B2(N),Müller
et al. (2008) derived from their observations of CH2CHCN a
12C/13C ratio of 21 ± 6.
14N/15N: we obtained an average lower limit value for
N(CH2CHC14N)/N(CH2CHC15N) of ≥33 for the two involved
components. In Daly et al. (2013) (see Appendix B), we pro-
vided a 14N/15N ratio of 256 ± 128 by means of ethyl cyanide,
which agree with the terrestrial value (Anders & Grevesse 1989)
and with the value obtained by Adande & Ziurys (2012) in the
local interstellar medium. The latter authors performed an eval-
uation of the 14N/15N ratio across the Galaxy (toward 11 molec-
ular clouds) through CN and HNC. They concluded that this
ratio exhibits a positive gradient with increasing distance from
the Galactic center (which agree with chemical evolution mod-
els where 15N has a secondary origin in novae).
D/H: for a tentative detection of mono-deuterated forms of
vinyl cyanide we derived a lower limit D/H ratio of ≤0.12
(for HCDCHCN and DCHCHCN) and ≤0.09 (for CH2CDCN)
for the hot narrow component, whereas we obtain ≤0.04 (for
HCDCHCN and DCHCHCN) and ≤0.03 (for CH2CDCN) for
the cold component. Studies of the chemistry of deuterated
species in hot cores carried out by Rodgers & Millar (1996)
conclude that the column density ratio D-H remains practically
unaltered during a large period of time when D and H-bearing
molecules are released to the gas phase from the ice mantles
of dust grains. These authors indicate that the observations of
deuterated molecules give insight into the processes occurring
on the grain mantles by inferring the fractionation of their parent
molecules. Furthermore, the fractionation also helps us to trace
the physical and chemical conditions of the region (Roueff et al.
2005). Values of this ratio were given by Margulès et al. (2010)
from observations of deuterated methyl formate at obtained
N(DCOOH3/HCOOCH3) = 0.04 for the hot core; Tercero et al.
(2010) estimated an abundance ratio of N(HDCS)/N(H2CS) be-
ing 0.05 ± 0.02, which is also for the hot core component.
Neil et al. (2013) provided a N(HDCO)/N(H2CO) ratio in the
hot core of ≤0.005. Pardo et al. (2001b) derived a value be-
tween 0.004–0.01 in the plateau by means of N(HDO)/N(H2O).
Persson et al. (2007) also for N(HDO)/N(H2O) derived 0.005,
0.001, and 0.03 for the large velocity plateau, the hot core, and
the compact ridge, respectively, and Schilke et al. (1992) pro-
vided the DCN/HCN column density ratio of 0.001 for the hot
core region.
4.4.4. Line opacity
The MADEX code gives us the line opacity for each transi-
tion for the physical components assumed in Table 5. Table 6
shows the opacities for the four cloud components shown in
Table 5, which are obtained by varying the source diameter
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Fig. 14. 12C/13C ratios of the observed line intensities for a given transi-
tion as a function of the upper level energy (top panel) and the frequency
(bottom panel).
and the column density (the last in order to obtain a good fit
between the synthetic spectra and the observations). When we
decreased the source diameter, we have to increase the column
densities to properly fit the observations and, therefore, the opac-
ities of the lines increment. The extreme case, where the hot and
cold cloud components have diameters of 2′′ and 5′′, respec-
tively, allow us to obtain the maximum total opacity of '0.26
(sum of the opacity of all cloud components) for the 300,30–290,29
transition at 275 588 MHz. This value corresponds with a max-
imum correction of about 3–5% for our column density results.
Column densities have to rise a factor 4 to obtain a total opacity
of '0.95, which implies a large mismatch (a factor '3–4 in the
line intensity) between model and observations.
Figure 14 shows the 12C/13C ratios of the observed line in-
tensities for a given transition against its upper level energy and
its frequency. As for the rotational diagrams, unblended lines
have been used for deriving these ratios. We observe that most
of these ratios are between 15 and 25, and we do not observe
a clear decline of this ratio with either the increasing of upper
state energy or the increasing of the frequency. In case of op-
tically thick lines, we should expect these large opacities for
lines at the end of the 1.3 mm window (240–280 GHz) where
the upper state energies are above 150 K even for transitions of
Ka = 0,1. Figure 14 suggests that the CH2CHCN g.s. lines have
τ < 1. Nevertheless, if the bulk of the emission comes from a
very small region (<1′′), opacities will be larger than 1.
From Fig. 14 we can estimate the average intensity ratios
for each 13C isotopologue being 20 ± 6, 18 ± 5, and 19 ± 6
for 12C/13C1, 12C/13C2, and 12C/13C3, respectively. These results
with the 12C/13C column density ratio derived in Sect. 4.4.3 sug-
gests possible chemical fractionation enhancement of the 13C
isotopologues of vinyl cyanide.
4.4.5. Vibrational temperatures
We can estimate the vibrational temperature between the differ-
ent vibrational modes of the vinyl cyanide according to
N(CH2CHCN 3x)
N(CH2CHCN) =
exp
(
−
E3x
Tvib
)
fν , (3)
where 3x identifies the vibrational mode, E3x is the energy of
the corresponding vibrational state (328.5, 478.6, 657.8, 806.4/
809.9, and 987.9K for 311 = 1, 315 = 1, 311 = 2, 310 = 1 ⇔
(311 = 1,315 = 1), and 311 = 3, respectively), Tvib is the vi-
brational temperature, fν is the vibrational partition function,
N(CH2CHCN 3x) is the column density of the vibrational state,
and N(CH2CHCN) is the total column density of vinyl cyanide.
Considering the relation N(CH2CHCN) = Ng.s. × fν and assum-
ing the same partition function for these species in the ground
and in the vibrationally excited states, we only need the energy
of each vibrational state and the calculated column density to
derive the vibrational temperatures. The vibrational temperature
(Tvib) is given as a lower limit, since the vibrationally excited gas
emitting region may not coincide with that of the ground state.
From the column density results, the Tvib in the hot nar-
row component for each vibrationally excited level were '268 ±
80K, '246±74K, '265±132K, '402±201K, and'385±192K
for 311 = 1, 315 = 1, 311 = 2, 310 = 1 ⇔ (311 = 1,315 = 1), and
311 = 3, respectively. In the same way, the Tvib in the cold narrow
component for each vibrationally excited level were'237±71K,
'208 ± 62K, '220 ± 110K, '324 ± 162K, and '330 ± 165K
for 311 = 1, 315 = 1, 311 = 2, 310 = 1 ⇔ (311 = 1,315 = 1),
and 311 = 3, respectively. The average vibrational temperature
for 311 = 1, 2, and 315 = 1 from both narrow components
was 252 ± 76K, 242 ± 121K, and 227 ± 68K, respectively. In
the case of 310 = 1 ⇔ (311 = 1,315 = 1) and 311 = 3, the
derived Tvib is larger than the Trot in the hot narrow compo-
nent (320K), which could suggest an inner and hotter region
for the emission of these vibrationally excited states of vinyl
cyanide. Moreover, a tendency to increase the vibrational tem-
perature with the vibrational energy of the considered state is
observed. Vibrational transitions imply ro-vibrational states that
may be excited by dust IR photons or collisions with the most
abundant molecules in the cloud. Nevertheless, collisional rates
are needed to evaluate the excitation mechanisms. The observed
differences between Trot and Tvib indicate either a far-IR pump-
ing of the highly excited vibrational levels or the presence of
a strong temperature gradient toward the inner regions. Some
internal heating might be reflected in temperature and density
gradients due to processes such as, for example, star formation.
4.5. Detection of isocyanide species
We searched for the isocyanide counterparts of vinyl, ethyl,
and methyl cyanide, cyanoacetylene, and cyanamide in our line
survey. In this section, we report the first detection toward
Orion-KL of methyl isocyanide, and a tentative detection of
vinyl isocyanide. The first to sixth columns of Table 7 show
the cyanide and isocyanide molecules studied in Orion-KL, their
column density values in the components where we assumed
emission from the isocyanides, the column density ratio between
the cyanide and its isocyanide counterpart, the same ratio ob-
tained by previous authors in Sgr B2 and TMC-1 sources, and
the difference of the bond energies between the -CN and -NC
isomers.
Vinyl isocyanide (CH2CHNC) is an isomer of the unsatu-
rated hydrocarbon vinyl cyanide. The structure differences be-
tween the vinyl cyanide and isocyanide are due to the CNC
and CCN linear bonds and their energies, where CCN dis-
plays shorter bond distances. The bonding energy difference be-
tween vinyl cyanide and isocyanide is 8658 cm−1 (24.8 kcal
mol−1) (Remijan et al. 2005) with the cyanide isomer being
more stable than the isocyanide. We have tentatively detected
vinyl isocyanide in our line survey (Fig. 15) with 28 unblended
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Table 7. Column densities of the isocyanide species and N(-CN)/N(-NC) ratios.
Molecule NTOTAL (cm−2) [N(-NC)/N(-CN)] Isomerization energy
Orion-KL Sgr B2 TMC-1 (cm−1)
CH2CHCN (4 ± 1) × 1015
CH2CHNC ≤(4 ± 2) × 1014 ≤(1.0 ± 0.5) × 10−1 5 × 10−3a 8658a
CH3CN (3.2 ± 0.9) × 1016
CH3NC (6.0 ± 3.0) × 1013 (2 ± 1) × 10−3 2 × 10−2a ≥9 × 10−2c 9486a
(3–5) × 10−2b
CH3CH2CN (7 ± 2) × 1016
CH3CH2NC ≤(2.0 ± 0.6) × 1014 ≤(3 ± 2) × 10−3 ≤3 × 10−1a 8697a
HCCCN (4 ± 1) × 1015
HCCNC ≤(3 ± 1) × 1013 ≤(8 ± 4) × 10−3 (2–5) × 10−2d 6614d
8 × 10−3e
HNCCC ≤(3 ± 1) × 1013 ≤(8 ± 4) × 10−3 (2–6) × 10−3 f 17 745d
1 × 10−3e
NH2CN ≤(3 ± 1) × 1013
NH2NC ≤(5 ± 2) × 1013 ... ... ... 18 537g
Notes. Derived column densities for the cyanide and isocyanide species (Col. 2). Columns 3–5 show the ratio between the cyanide and its iso-
cyanide isomer in this work and that derived from other authors in Sgr B2 and TMC-1. Column 6 gives the energy difference for the isomerization
between the isocyanide species and its corresponding cyanide.
References. (a) Remijan et al. (2005). (b) Cernicharo et al. (1988) . (c) Irvine & Schloerb (1984). (d) Kawaguchi et al. (1992a). (e) Ohishi & Kaifu
(1998) . ( f ) Kawaguchi et al. (1992b). (g) Turner et al. (1975).
Fig. 15. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of vinyl isocyanide in its ground state. The cyan line
corresponds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2) including the CH2CHCN species. We
consider the detection as tentative. A vLSR of 5 km s−1 is assumed.
lines and 26 partially blended lines from a total of 96 de-
tectable lines. This detection is just above the confusion limit.
In Table A.14 we show spectroscopic and observational pa-
rameters of detected lines of vinyl isocyanide. Rotational con-
stants were derived fitting all experimental data from Bolton
et al. (1970), Yamada & Winnewisser (1975), and Bestmann
& Dreizler (1982); the dipole moments were from Bolton et al.
(1970). For modeling this molecule, we assume the same phys-
ical conditions as those found for the vinyl cyanide species
(where we consider both narrow components). We derived a
column density of ≤(3 ± 2) × 1014 cm−2 (hot narrow compo-
nent) and ≤(5 ± 3) × 1013 cm−2 (cold narrow component). We
estimate a N(CH2CHNC)/N(CH2CHCN) ratio of ≤0.10 ± 0.05,
while Remijan et al. (2005) derived a ratio of about ≤0.005 to-
ward Sgr B2 with an upper limit for the vinyl isocyanide column
density of ≤1.1 × 1013 cm−2.
Methyl cyanide (CH3CN) is a symmetric rotor molecule
whose internal rotor leads to two components of symmetry A
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Fig. 16. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of methyl isocyanide in its ground state. The cyan line
corresponds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2) including the CH2CHCN species. A vLSR
of 5 km s−1 is assumed.
and E. The column densities of the ground state obtained for
both A and E sub-states using an LVG model were derived by
Bell et al. (2014) in Orion-KL. They separately fitted different
series of K-ladders transitions (J = 6–5, J = 12–11, J = 13–12,
J = 14–13). We averaged the model results for these four series
at the IRc2 position deriving a column density of 3.1×1016 cm−2
and a kinetic temperature of '265K. The CH3CN molecule has
a metastable isomer named methyl isocyanide (CH3NC) that has
been found in dense interstellar clouds (Sgr B2) by Cernicharo
et al. (1988) and Remijan et al. (2005). The bonding energy dif-
ference between methyl cyanide and isocyanide is 9486 cm−1
(27.1 kcal mol−1) (Remijan et al. 2005). We observed methyl
isocyanide in Orion-KL for the first time (Fig. 16). For modeling
the weak lines of methyl isocyanide we assume a hot core com-
ponent (T = 265K, dsou = 10′′, offset = 3′′, vLSR = 5 km s−1,
∆v = 5 km s−1) that is consistent with those derived by Bell
et al. (2014). Rotational constants were derived from a fit to the
data reported by Bauer & Bogey (1970), Pracna et al. (2011).
The constants HJ , LJ , and LJKKK have been fixed to the val-
ues derived by Pracna et al. (2011). The constants A and DK
were from Pliva et al. (1995). Dipole moment was that of Gripp
et al. (2000). We derived a column density of (3.0 ± 0.9) ×
1013 cm−2 for each A and E symmetry substates. We determined
a N(CH3NC)/N(CH3CN) ratio of 0.002 which is a factor 15–25
lower than the value obtained by Cernicharo et al. (1988) toward
Sgr B2. DeFrees et al. (1985) by means of chemical models pre-
dicted this ratio in dark clouds in the range of 0.1–0.4.
Ethyl cyanide (CH3CH2CN) is a heavy asymmetric rotor
with a rich spectrum. In our previous paper (Daly et al. 2013),
three cloud components were modeled in LTE conditions to de-
termine the column density9 of this molecule. We obtained a to-
tal column density of (7 ± 2) × 1016 cm−2 for this species.
The bonding energy difference between ethyl cyanide and
isocyanide is 8697 cm−1 (24.9 kcal mol−1) (Remijan et al.
2005). The spectroscopic parameters used for ethyl isocyanide
9 We found a typographical error that is twice the difference in the
column density of the hot core component 1 for the ground and ex-
cited states in our previous paper (Daly et al. 2013) hence the isotopic
abundance has to be modified. We have attached the tables of column
densities and that of isotopic abundance for CH3CH2CN in Appendix B.
(CH3CH2NC) were obtained from recent measurements in Lille
up to 1 THz by Margulès et al. (in prep.). For CH3CH2NC
we provide an upper limit to its column density of (2 ± 1) ×
1014 cm−2. Then, we derived a N(CH3CH2NC)/N(CH3CH2CN)
ratio of 0.003. This value is 100 times lower than the upper limit
value obtained by Remijan et al. (2005) toward Sgr B2 of ≤0.3.
We observe that the upper limit for the CH2CHNC column
density is 5 times higher than the value of methyl isocyanide and
holds a similar order of magnitude relationship with the upper
limit column density of the tentatively detected ethyl isocyanide.
Cyanoacetylene (HCCCN) is a linear molecule with a sim-
ple spectrum. Its lines emerge from diverse parts of the cloud
(Esplugues et al. 2013b), although mainly from the hot core.
The model of the HCCCN lines was set up using LVG condi-
tions. The authors determined a total column density of (3.5 ±
0.8) × 1015 cm−2.
Isocyanoacetylene (HCCNC) is a stable isomer of
cyanoacetylene and has an energy barrier of 6614 cm−1
(18.9 kcal mol−1). Owing to high overlap problems in our
data, we only found one line of HCCNC free of blending
at 99 354.2MHz. To obtain an upper limit for its column
density we assumed the same physical components as those of
Esplugues et al. (2013b). Spectroscopic parameters were derived
by fitting the lines reported by Guarnieri et al. (1992); the dipole
moment was taken from Gripp et al. (2000). We obtained an up-
per limit to the HCCNC column density of ≤(3±1)×1013 cm−2.
We estimated an upper limit for the N(HCCNC)/N(HCCCN)
ratio of ≤0.008. The molecule HCCNC was observed for the
first time toward TMC-1 (three rotational lines in the frequency
range 40–90GHz) by Kawaguchi et al. (1992a). They obtained
a N(HCCNC)/N(HCCCN) ratio in the range 0.02–0.05 in that
dark cloud, which is around 2–6 times higher than our upper
limit. Ohishi & Kaifu (1998) provided an upper limit value of
≤0.001 also in TMC-1. This molecule has also been detected
in the envelope of the carbon star IRC+10216 by Gensheimer
(1997).
The other carbene-type isomer of HCCCN is 3-imino-1, 2-
propadienylidene (HNCCC) that was predicted to have a rel-
ative energy of about 17744.6 cm−1 with respect to HCCCN
(Kawaguchi et al. 1992b). We provided a tentative detection
of this isomer in our survey (Fig. A.3). Its column density,
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(3 ± 1) × 1013 cm−2, has been obtained by assuming the
same cloud components as those of Esplugues et al. (2013b).
Spectroscopic parameters were derived from a fit to lines
reported by Kawaguchi et al. (1992b) and Hirahara et al.
(1993), and three lines observed in IRC+10216 with an accu-
racy of 0.3 MHz. The dipole moment was determined from
Botschwina et al. (1992).We derived a N(HNCCC)/N(HCCCN)
upper limit ratio of 0.008. Kawaguchi et al. (1992a) obtained
a N(HNCCC)/N(HCCCN) ratio in the range 0.002–0.006 in
TMC-1.
After the detection of cyanamide (NH2CN) by Turner et al.
(1975), Cummins et al. (1986), and Belloche et al. (2013) in
Sgr B2, we report a tentative detection of cyanamide (NH2CN)
in Orion-KL (see Fig. A.4). Frequencies, energies, and line in-
tensities for O+-NH2CN and O−-NH2CN were those published
in the JPL catalog (based on the works of Read et al. 1986 and
Birk 1988). We estimated a column density ≤(3±1)×1013 cm−2
(O++O−) by assuming that its lines are coming only from one
component (hot core) at 200K (vLSR = 5 km s−1, ∆v = 5 km s−1,
dsou = 10′′, offset = 2′′). NH2CN has an isomer differing only
in the CN group, so that, the isomerization energy between the
cyanamide and isocyanamide (NH2NC) is 18 537 cm−1 (Vincent
& Dykstra 1980). In this work, we also provided only an up-
per limit column density of isocyanamide (O++O−) being ≤(5±
1) × 1013 cm−2. Spectroscopic parameters were derived fitting
the rotational lines reported by Schäfer et al. (1981). the dipole
moment was determined by Ichikawa et al. (1982) from ab-initio
calculations.
In Table 7, we give values of interconversion energies be-
tween cyanide and isocyanide molecules. These interconver-
sion barriers are high, and under astronomical environments,
such as the hot cores, it is unlikely that the isocyanide isomers
are produced by rearrangement of the corresponding cyanide
species. Remijan et al. (2005), proposed that non-thermal pro-
cesses (such as shocks or enhanced UV flux in the surrounding
medium) may be the primary route to the formation of inter-
stellar isocyanides by the conversion of the cyanide to its iso-
cyanide counterpart. Nevertheless, other formation routes have
to be explored to explain their presence in environments dom-
inated by thermal processes. Dissociative recombination reac-
tions on the gas phase probably lead to the formation of the
cyanide or isocyanide molecules. Depending on the structure of
the protonated hydrocarbon and the branching ratios of the dis-
sociative recombination pathway, the molecule H2C3N+ might
produce cyanoacetylene and isocyanoacetylene, and similarly,
the molecule C2H4N+ could yield methyl cyanide and methyl
isocyanide (Green & Herbst 1979). DeFrees et al. (1985) found
that the calculated ratio of the formation of the protonated pre-
cursor ions (CH3CNH+ and CH3NCH+) agrees with the detec-
tion of CH3NC in dark clouds (Irvine & Schloerb 1984). In the
same way, the recombination reaction of the molecule C2H6N+
could give ethyl isocyanide (Bouchoux et al. 1992). Once the
isocyanides are formed, they remain as metastable species due
to the high barrier quoted above supporting the possible exis-
tence of isolated isocyanides (Vincent & Dykstra 1980). On the
other hand, a recent experimental study of the interaction of
the diatomic radical CN and the pi-system C2H4 confirms that
the possible pathway to CH2CHNC becomes negligible even at
temperatures as high as 1500K (Balucani et al. 2000; Leonori
et al. 2012). Since the cyanide molecules are strongly related
to the dust chemistry (Blake et al. 1987; Charnley et al. 1992;
Caselli et al. 1993; Rodgers & Charnley 2001; Garrod et al.
2008; Belloche et al. 2013), we also can infer a probable origin
for the isocyanides from reactions on grain mantles.
5. Discussion
5.1. Abundances and column density ratios
between the cyanide species
Table 8 shows the ground state abundances in the hot core (or
hot core + plateau) component of the studied species in this
work and the column density ratios between vinyl cyanide and
other cyanidemolecules. Results provided by different authors in
Orion-KL, the well-studied star forming region Sgr B2, the star
forming complex G34.3+0.2 (hot core), and the dark molecular
cloud TMC-1 are also given in this table.
For Orion-KL, our study covers a wide frequency range al-
lowing detailed modeling of the molecular emission. Moreover,
the molecular abundances obtained from other authors, which
are shown in Table 8, are often obtained with different telescopes
and different assumptions on the size and physical conditions of
Orion-KL. For this reason, these abundances are given in Table 8
for comparison purposes, but we focus on the results obtained in
this work that have been derived from a common set of assump-
tions, sizes, and physical conditions for Orion-KL.
To estimate molecular abundances for the cyanide and iso-
cyanide species, we assume that the column density of H2 (NH2)
is 4.2×1023 cm−2 for the hot core, 2.1×1023 cm−2 for the plateau,
and 7.5 × 1022 cm−2 for the compact ridge and for the extended
ridge, as derived by Tercero et al. (2010).
The total abundance for the CH2CHCN ground state, as de-
rived from all the components (hot core + mix hot core-plateau)
(see Table 5), was X(NCH2CHCN/NH2) = (2.0 ± 0.6) × 10−8. By
means of the derived vibrational temperatures, we can estimate
the vibrational partition function that follows the Eq. (4) for a
Boltzmann distribution in both narrow components (1.7 and 1.5
for hot and cold narrow components, respectively) and correct
the ground state column density to the total one (see Sect. 4.4.5).
Considering these results for the vibrational partition function,
we obtained XCH2CHCN ' (3.1 ± 0.9) × 10−8.
fν = 1 +
n∑
x=1
dx exp
(
−
E3x
Tvib
)
, (4)
where dx is the degeneracy of the vibrational mode x and the
low Tvib leads to fν ' 1.
Assuming the column density values of CH3CN of Bell et al.
(2014), the abundance for CH3CN ground state in the hot core
component was '(1.0 ± 0.3) × 10−7. To estimate the correction
of the column density of CH3CN from excited vibrational states,
we have derived the column density of this molecule in its 38 = 1
lower energy state (525.2K) and found a N(CH3CN,38 = 1) '
1.4 × 1015 cm−2 and Tvib ' 159K (considering only the hot core
and plateau components). Hence, the vibrational partition func-
tion is ∼1.04 and XTotal ' Xground for methyl cyanide.
For ethyl cyanide we use the column density results of
Daly et al. (2013) (see Appendix B). We determine the
X(NCH3CH2CN/NH2) ratio being (1.8 ± 0.5) × 10−7 for the ground
state. Assuming the vibrational temperatures obtained in Daly
et al. (2013) '160 ± 50K, '185 ± 55K, and '195 ± 95K for
313/321 (Eu = 306.3/315.4K), 320 (Eu = 531.2K), and 312
(Eu = 763.4K), respectively, the estimated vibrational parti-
tion function is 1.4, so we derived an abundance ratio X '
(2.5 ± 0.8) × 10−7 for ethyl cyanide.
Esplugues et al. (2013b) derived an abundance of 7.3 × 10−9
for HC3N (hot core + plateau) in the ground state.
Assuming a mean vibrational temperature of 360K in the
hot core that is calculated by these authors, the vibrational par-
tition function from 35 (Eu = 954.48), 36 (Eu = 718.13), 37 = 1
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Table 8. Column density ratios and molecular abundances.
Molecule Orion-KL Sgr B2 G34.3+0.2 TMC-1
X R X R X R X R
CH2CHCN (2.0 ± 0.6) × 10−8† ... 6.2 × 10−8 j ... 3.0 × 10−10n ... 1.0 × 10−9 p ...
1.5 × 10−9a 6.0 × 10−8k
1.8 × 10−9b
CH3CN (1.0 ± 0.3) × 10−7† d 0.20† d 3.0 × 10−8k 0.40e ... ... 7.5 × 10−10 p 1.3p
4.0 × 10−9a 0.39a 2.0k
7.8 × 10−9b 0.23b 3.4l
5.1 × 10−9c 1.7e 0.40m
0.18–1.8 f 0.37o
0.48g
CH3CH2CN (1.8 ± 0.5) × 10−7† h 0.11† h 6.0 × 10−10k∗ 0.72e 1.0 × 10−8n 0.20n ... >2.00q
3.0 × 10−9a 0.50a 11l
9.8 × 10−9b 0.18b 0.67m
0.15e 1.7n
0.14 f 0.40o
0.06g
HCCCN (7 ± 2) × 10−9† i 2.9† i 5.0 × 10−9k 0.13e ... ... 7.5 × 10−8 p 0.01p
1.8 × 10−9a 0.86a 12k
1.6 × 10−9b 1.1b 61o
1.8 × 10−9c 2.11e
0.6-1.5 f
0.16g
NH2CN ≤(7 ± 2) × 10−11† ≥286† 9.0 × 10−11k∗ 1.4e ... ... ... ...
30e 14o
Notes. Abundances (X) and column density ratios between vinyl cyanide and some studied cyanides (R) in Orion-KL and other sources. (†) Values
from this work. (a) Sutton et al. (1995), hot core, telescope beam ∼13.7′′. (b) Blake et al. (1987), hot core, telescope beam ∼30′′. (c) Persson
et al. (2007), hot core, source size 10”. (d) Bell et al. (2014), hot core (different components between 5–10′′) + plateau (10′′). (e) Turner (1991).
( f ) Johansson et al. (1984). (g) Schilke et al. (1997). (h) Daly et al. (2013), hot core (4–10′′) and mix hot core-plateau (25′′). (i) Esplugues et al.
(2013b) hot core (7–10′′) and plateau (20′′). ( j) Müller et al. (2008). (k) Nummelin et al. (2000) small source-size averaged. (k∗) Nummelin et al.
(2000) beam averaged. (l) Remijan et al. (2005). (m) Belloche et al. (2009). (n) Mehringer & Snyder (1996). (o) Belloche et al. (2013). (p) Ohishi &
Kaifu (1998). (q) Minh & Irvine (1991).
(Eu = 320.45), and 37 = 2 (Eu = 642.67) is ∼2.6 for the hot
core components. Applying this correction in the hot core, we
obtained a total abundance of XHC3N ' 1.3 × 10−8 (hot core +
plateau).
For NH2CN, we determine a molecular abundance
X(NNH2CN/NH2 ) of ≤(7 ± 2) × 10−11.
The column density ratio between the unsaturated hydro-
carbon CH2CHCN and other -CN bearing molecules, such
as CH3CH2CN, CH3CN, HC3N, and NH2CN, N(CH2CHCN)/
N(X-CN), could be used to track a possible different evolution-
ary state described by different chemical models and to provide
inputs for the chemical modeling of the cloud.
We obtain an abundance ratio N(CH2CHCN)/N(X-CN)<1
for the saturated cyanide molecules (CH3CH2CN and CH3CN);
these ratios related with methyl and ethyl cyanide obtained by
different authors are lower (in general) in Orion-KL than in the
galactic center (Sgr B2).We also note that the relative abundance
of CH3CH2CN with respect to vinyl cyanide in Orion is twice as
much as in the hot core G34.3+0.2. In contrast, in the dark cloud
TMC-1 vinyl cyanide is more abundant than the saturated -CN
hydrocarbons.
The relative abundance between CH2CHCN and HC3N
follows an opposite tendency than that of methyl and ethyl
cyanide: HC3N is less abundant than CH2CHCN in Orion-KL
and Sgr B2, whereas HC3N is at least two orders of magni-
tude more abundant than CH2CHCN in TMC-1. Nevertheless,
we want to remark that we only address the hot core (or hot
core + plateau) abundances in our work in Table 8. For vinyl
and ethyl cyanide and cyanamide, these abundances correspond
with the total abundance in the ground state in Orion-KL.
However, cyanoacetylene appears in all the Orion-KL compo-
nents, so its total abundance is higher than that of vinyl cyanide
when we consider the whole Orion-KL region covered by our
observations.
Finally, we find an lower limit of 286 for X(CH2CHCN)/
X(NH2CN).
The formation routes of the cyanide molecules in several
environments have been extensively discussed by different au-
thors. As ethyl cyanide was mainly detected in hot core re-
gions (Johansson et al. 1984; Sutton et al. 1985; Blake et al.
1987), the grain surface production (by hydrogenation of HC3N)
seemed to be the main formation mechanisms for this molecule
(Blake et al. 1987; Charnley et al. 1992; Caselli et al. 1993).
On the other hand, vinyl cyanide has been detected in the dark
could TMC-1 (Matthews & Sears 1983) and in hot cores (where
appeared correlated with ethyl cyanide emission), indicating
that gas phase production was also important for forming
these species. Chemical models of Charnley et al. (1992) and
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Fig. 17. Time evolution of the column densities of CH2CHCN, CH3CN, CH3CH2CN, HC3N, and CN for a hot core chemical model.
Caselli et al. (1993) in hot cores predicted that CH2CHCN
forms in gas phase reactions involving CH3CH2CN. Caselli
et al. (1993) derived a relation between the abundance ratio
X(CH2CHCN)/X(CH3CH2CN) and the evolutionary stage of the
core. This ratio has been used by several authors as a chemical
clock to estimate the cloud age (Fontani et al. 2008; Müller et al.
2008). Belloche et al. (2009) performed a detailed analysis of the
cyanide species detected in Sgr B2, including chemical models
based on that of Garrod et al. (2008). Considering the observed
relative abundances between these species, they conclude that
the main formation mechanism for alkyl cyanides is probably
the sequential addition of CH2 or CH3 radicals to CN, CH2CN,
and C2H4CN on the grain surfaces. Formation of methyl cyanide
is dominated by reactions on the grains by addition of CH3 and
CN radicals, but it may also be formed by gas-phase processes
after the evaporation of HCN. Vinyl cyanide is predominantly
formed in the gas-phase through the reaction of CN with C2H4.
Then CH2CHCN accretes onto the grains by being a potential
precursor, with HC3N of ethyl cyanide and n-propyl cyanide.
After the evaporation of the ice mantles, vinyl cyanide is effi-
ciently formed again in the gas phase.
5.2. Chemical model
We have investigated the observed column densities of
CH2CHCN, CH3CN, CH3CH2CN, HCCCN, and CN us-
ing a time and depth dependent gas-grain chemical model,
UCL_CHEM. UCL_CHEM is a two-phase model, which fol-
lows the collapse of a prestellar core (Phase I), followed by the
warming and evaporation of grainmantles (Phase II). In Phase II,
we increase the dust and gas temperature up to 300 K to simu-
late the presence of a nearby infrared source in the core. For the
hot core component, we model both a 10 M and 15 M star
with a final density of 107 cm −3. During the collapse, atoms and
molecules collide with and freeze onto grain surfaces. The de-
pletion efficiency is determined by the fraction of the gas-phase
material that is frozen on to the grains, which is dependent on
the density, the sticking coefficient and other properties of the
species and grains (see Rawlings et al. 1992). In our model-
ing, we have explored the uncertainty in grain properties and
sticking coefficients by varying the depletion percentage. Initial
atomic abundances are taken from Sofia & Meyer (2001), as in
Viti et al. (2004). Gas-phase reaction rate coefficients are taken
from the UMIST database of Woodall et al. (2007), however,
some have been updated with those from the KIDA database
(Wakelam 2009). We also include some simple grain-surface re-
actions (mainly hydrogenation) as in Viti et al. (2004). While
COMs (complex organic molecules) may also form via surface
reactions involving heavier (than hydrogen) species (e.g. Garrod
et al. 2008), the mobility of most heavy species on grains has
not been experimentally investigated; hence, for this qualitative
analysis, we chose to adopt a simpler model where only the
most efficient surface reactions occur. In this way we can give a
lower limit to the formation of COMs which may be augmented
by more complex reactions should they occur. In Phase I, non-
thermal desorption is considered as in Roberts et al. (2007).
Within our grid of models, we find that models where we
simulate a 10 M star and 100% of CO frozen onto grain sur-
faces which most accurately reproduce the observed column
densities of CH2CHCN, CH3CN, and CH3CH2CN. Figure 17
shows the column density as a function of time during phase II
for this model. The column density produced by the model for
HCCCN is an order of magnitude higher than the observed
value. While our models simulate both gas phase and grain sur-
face reactions for all of these species, the grain surface reactions
are essential to reproduce the observed column densities. We
therefore conclude that we are missing some grain surface de-
struction routes for HCCCN, and, consequently, overproduced
this species in our models. Moreover, the deep decreased of
the CN abundance when CH3CH2CN appears is observationally
confirmed by the lack of the hot core component in the CN lines
even at the HIFI frequencies (Crockett et al. 2014). For details of
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the same surface chemistry approach, see Viti et al. (2004) and
Bell et al. (2014).
5.3. Further issues for CH2CHCN
Further observations of telescopes with higher sensitivity and
spatial resolution, such as Atacama Large Millimeter/sub-
millimeter Array (ALMA), could provide additional detec-
tions of other vibrationally excited states above 600 cm−1, such
as the outstanding states in the 3311/2315/314 triad of states
near 680 cm−1 for which the spectroscopy is presently re-
ported. In this study, we found that the 311 = 3 (987.9K
or 686.6 cm−1) vibrational mode was near the detection limit, so
we could not reliably address other vibrational components of
the 3311/2315/314 triad. We also note that Belloche et al. (2013)
have recently detected the combination state 315 = 311 = 1
(809.9 K) but has not yet reported detection of the 310 = 1
(806.4 K) state toward Sgr B2(N). On the other hand, the 315 = 2
(960.2K) excited state detected by these authors might be de-
tected only at the limit in our study.
In the present work, we extended the laboratory coverage of
the rotational spectrum of vinyl cyanide and the analysis of its vi-
brationally excited states to provide ample basis for detection of
transitions from further excited vibrational states at even higher
vibrational energies. The laboratory basis for detecting states up
to as high as 39 = 1 (1250K) is now available. On the other
hand, as implied by Fig. 1 and results for 4311 = 4, considerable
spectroscopic analysis is required for satisfactory understanding
of states above 39 = 1.
6. Summary
Vinyl cyanide is one of the most abundant molecules in
Orion-KL and a possible precursor of alanine. This study of
the vinyl cyanide species improves the knowledge of the phys-
ical and chemical conditions of this high-mass star forming re-
gion. We have performed an identification of the ground state of
CH2CHCN and of its vibrationally excited states (up to 988K) in
the Orion-KL Nebula thanks to a new spectroscopic laboratory
analysis by using Stark modulation and frequency-modulated
spectrometers. Our results are based on rotational diagrams,
integrated-frequency maps, and Gaussian fits to optimize the
physical and chemical parameters that simulate the best syn-
thetic spectrum of CH2CHCN (using MADEX), which fit the
observation conditions of the Orion-KL region in an accurate
way. We have found N(CH2CHCN) ' (6 ± 2) × 1015 cm−2 from
four cloud components of hot core/plateau nature (320-90 K). A
total abundance of (3.1±0.9)×10−8 for vinyl cyanide is provided
in this work. We have detected the CH2CHCN 311 = 2, 3 vibra-
tional modes for the first time in Orion-KL and the CH2CHCN
310 = 1 ⇔ (311 = 1,315 = 1) excited state for the first time in the
space. We have seen that these species with those of the three
monosubstituted 13C and the 15N isotopologues and the tentative
detection of the three monodeuterated species of vinyl cyanide
contribute with more than 1100 observed lines in the 80–280
GHz domain covered by the Orion line survey. We highlight the
importance for spectroscopic catalogs to introduce vibrationally
excited species in the astronomical detections.
The column density ratios between the vinyl cyanide g.s. and
the vibrationally excited states have been used to obtain temper-
atures at which the vibrational modes are excited and to correct
the ground column density from the vibrational partition func-
tion. The high vibrational temperature (Tvib > Trot) for the states
310 = 1 ⇔ (311 = 1,315 = 1) and 311 = 3 suggests a temperature
gradient toward the inner regions of the hot core. To infer the
population mechanism of the vibrationally excited states (colli-
sions and/or infrared radiation), collisional rates are needed.
Owing to the importance of isomerism for understand-
ing a more precise way in forming interstellar molecules,
we have included the study of ethyl isocyanide, methyl iso-
cyanide, isocyanoacetylene, 3-imino-1, 2-propadienylidene, and
isocyanamide in our work. We have provided the detection of
methyl isocyanide for the first time in Orion-KL and tentative
detections for the rest.
Finally, we have investigated the studied column densities
of CH2CHCN, CH3CN, CH3CH2CN, and HCCCN using a time
dependent gas-grain chemical model (UCL_CHEM) which re-
produce the observed column densities for these molecules rea-
sonably well, although it overestimates that for HCCCN. This
is probably due to the efficiency for its formation on the grains
being too high: a detailed investigation of the formation and de-
struction route for this species in chemical models is beyond the
scope of this work. More quantitative models ought to be able
to reproduce this molecule by investigating the efficiency of the
formation of HCCCN on the grains.
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Appendix A
Table A.1. Spectroscopic constants in the diagonal blocks of the Hamiltonian for the 2315 ⇔ 314 ⇔ 3311 triad of vibrational states in vinyl cyanide
compared with those for the ground state.
Ground state 2315 314 3311
A/MHz 49 850.69655(43)a 51 864.336(36) 50 344.872(21) 47 990.329(47)
B/MHz 4971.212565(37) 4977.66513(90) 4974.53973(78) 5028.9277(13)
C/MHz 4513.828516(39) 4532.01579(78) 4519.08450(62) 4537.6921(11)
∆J /kHz 2.244058(13) 2.23613(25) 2.26543(26) 2.31540(32)
∆JK /kHz −85.6209(35) −101.725(13) −81.531(12) −62.131(12)
∆K /kHz 2715.4213(94) 4021.39(65) 2752.53(50) 1416.57(67)
δJ /kHz 0.4566499(32) 0.44884(16) 0.45991(16) 0.48731(24)
δK /kHz 24.4935(22) 26.477(90) 27.126(82) 32.642(96)
ΦJ/Hz 0.0064338(17) 0.006223(44) 0.006097(45) 0.006248(56)
ΦJK /Hz −0.00425(40) 0.129(16) 0.063(15) 0.094(17)
ΦKJ /Hz −7.7804(39) −25.21(11) −7.03(10) 4.74(10)
ΦK /Hz 384.762(63) 1391.8(35) 395.8(16) −317.0(41)
φJ /Hz 0.00236953(79) 0.002184(22) 0.002218(23) 0.002359(33)
φJK /Hz 0.14283(40) 0.126(16) 0.088(16) 0.252(17)
φK /Hz 37.011(58) 66.2(24) 42.9(21) 27.1(21)
LJ/mHz −0.000026315(71) [0.] [0.] [0.]
LJJK /mHz −0.001077(29) [0.] [0.] [0.]
LJK /mHz 0.4279(30) [0.] [0.] [0.]
LKKJ /mHz 0.012(12) 9.07(38) 3.62(38) 3.64(22)
LK /mHz −61.41(17) −658.9(84) −77.6(88) 161.3(94)
lJ /mHz −0.000011602(36) [0.] [0.] [0.]
lJK /mHz −0.000956(20) [0.] [0.] [0.]
lKJ /mHz −0.1436(46) [0.] [0.] 0.988(40)
lK /mHz 8.91(18) 16.3(10) 8.03(88) −25.43(69)
PKJ /mHz −0.0000156(31) [0.] [0.] [0.]
PKKJ /mHz −0.0001977(57) [0.] [0.] [0.]
PK /mHz 0.00867(15) [0.] [0.] [0.]
∆Eb/MHz 0.0 549 163.34(55) 694 443.66(90)
∆E/cm−1 0.0 18.31812(2) 23.16415(3)
Nlinesc 4490,0 1329,52 1287,53 1250,81
σfit
d/MHz 0.144 0.265e 0.228e 0.309e
σrms
d 0.713 1.980 1.467 2.329
Notes. (a) Round parentheses enclose standard errors in units of the last quoted digit of the value of the constant; square parentheses enclose
assumed values. (b) The fitted vibrational energy difference relative to the lowest vibrational state in the triad. (c) The number of distinct frequency
fitted lines and the number of lines rejected at the 10σ fitting criterion of the SPFIT program. (d) Deviations of fit for the different vibrational
subsets. (e) The coupled fit for the complete triad encompasses 3866 lines, at an overall σfit of 0.269 MHz and requires also the use of constants
reported in Table A.3.
Table A.2. Spectroscopic constants in the off-diagonal blocks of the Hamiltonian for the 310 ⇔ 311315 and 311310 ⇔ 2311315 dyads of vibrational
states in vinyl cyanide.
310 ⇔ 311315 311310 ⇔ 2311315 310 ⇔ 311315 311310 ⇔ 2311315
Ga/MHz 1623.(13) 1557.(34) Gb/MHz 643.32(46) 929.1(30)
GJa/MHz 0.2192(48) 0.4834(45) GJb/MHz 0.01663(17) 0.00766(38)
GKa /MHz 6.432(76) 3.67(10)
GJKa /MHz 0.0001240(23)
Fbc/MHz 4.151(90) 9.447(88) Fac/MHz −27.14(29) −14.20(69)
FJac/MHz −0.0001184(26)
Notes. (a) Round parentheses enclose standard errors in units of the last quoted digit of the value of the constant, and only the constants with
non-zero values are listed. (b) These constants complement those in the diagonal blocks listed in Table 2.
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Table A.3. Spectroscopic constants in the off-diagonal blocks of the Hamiltonian for the 2315 ⇔ 314 ⇔ 3311 triad of vibrational states in vinyl
cyanide.
2315 ⇔ 314 314 ⇔ 3311 2315 ⇔ 3311
Ga/MHz 5852.21(58) 223.63(15) Gc/MHz 25.8(27)
GJa /MHz 0.01958(32)
GKa /MHz −2.790(18) −0.1703(17) Fab/MHz 3.59(22)
GJJa /MHz −0.000000324(61)
GJKa /MHz −0.0000335(23) W 14179.2(17)
GKKa /MHz 0.001503(51)
W±/MHz 0.8521(24)
Fbc/MHz 0.4557(30) W J±/MHz 0.00000540(82)
WK± /MHz 0.00847(15)
Gb/MHz −9.50(21) 18.180(61) W JK± /kHz −0.000000700(44)
GKb /MHz −0.4173(94) WKK± /kHz 0.00000523(16)
Notes. (a) Round parentheses enclose standard errors in units of the last quoted digit of the value of the constant, and only the constants with
non-zero values are listed. (b) These constants complement those in the diagonal blocks listed in Table A.1.
Table A.4. Spectroscopic constants in the effective rotational Hamiltonian for the 39 and 4311 excited vibrational states of vinyl cyanide.
39 4311
A/MHz 49 828.53(89)a 47 495.5(22)
B/MHz 4953.0854(34) 5047.5125(98)
C/MHz 4501.1911(18) 4545.1778(85)
∆J /kHz 2.2025(18) 2.3223(66)
∆JK /kHz −92.279(81) −56.27(34)
∆K /kHz 2500.(135) −87.(529)
δJ /kHz 0.4392(11) 0.4766(46)
δK /kHz 11.17(53) 28.9(48)
ΦJ /Hz 0.00469(72) 0.0368(68)
ΦJK /Hz −2.22(36) 5.3(31)
ΦKJ /Hz −28.6(17) −32.(13)
ΦK /Hz [0.] 104900.(42879)
φJ /Hz 0.00145(38) −0.0185(36)
φJK /Hz −0.93(18) 7.6(18)
φK /Hz −159.(48) 1131.(532)
Nlinesb 373, 7 225, 17
σfit/MHz 0.167 0.250
σrms 1.665 2.496
Notes. (a) Round parentheses enclose standard errors in units of the last quoted digit of the value of the constant; square parentheses enclose
assumed values. (b) The number of distinct frequency fitted lines and the number of confidently assigned lines rejected at the 10σ fitting criterion
of the SPFIT program.
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Table A.5. Vibrational changes in rotational constantsa for the studied excited vibrational states in vinyl cyanide.
Exp. Calc. Ib Calc. IIc Exp. Estimatedd
311 −680.2411(15)d −782 −674.20 311315 40.02(61) 271
19.56011(10)d 19.14 20.28 21.4597(70) 22.69
8.13824(10)d 8.00 8.51 17.7744(13) 17.31
315 951.3883(18) 1002 900.77 2315 2013.674(35) 1903
3.13085(12) 5.94 3.94 6.45356(89) 6.26
9.16787(11) 10.28 8.95 18.2016(10) 18.34
310 −300.67(63) −369 −326.14 3311 −1860.399(47) −2041.
−5.5434(98) −5.49 −5.79 57.7162(12) 58.69
−4.2057(13) −3.98 −4.20 23.8494(13) 24.41
314 494.2055(11) 606 566.66 310311 −988.98(62) −981
3.32747(40) 2.37 3.10 13.766(32) 14.02
5.25568(31) 4.43 4.88 4.1072(31) 3.93
39 −22.17(89) −37 39.53 2311315 −725.83(56) −409
−18.1272(34) −17.52 −18.47 40.2814(98) 42.25
−12.6374(11) −12.35 −13.27 26.2639(85) 25.44
4311 −2355.2(22) −2721
76.2999(98) 78.24
31.3493(85) 32.55
Notes. (a) The tabulated values for each state are differences relative to the ground state constants: (Av − A0), (Bv − B0), and (Cv − C0) all in
MHz. (b) From anharmonic force field calculation at the MP2/6-311++G(d, p) level. (c) From anharmonic force field calculation at the CCSD(T)/6-
31G(d, p) level. (d) Estimated from experimental changes listed in the second column by assuming their additivity.
Fig. A.1. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of CH2CHCN of 311 = 3. The cyan line corresponds to
the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species. A vLSR of 5 km s−1 is
assumed.
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Fig. A.2. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of deuterated isotopes for CH2CHCN in the ground state.
The subindex of Di (i = 1, 2, 3) correspond to the position of the isotope in the molecule (D1CD2CD3CN). The cyan line corresponds to the model
of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species. A vLSR of 5 km s−1 is assumed.
Fig. A.3. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of 3-imino-1,2-propadienyllidene in its ground state. The
cyan line corresponds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species.
A vLSR of 5 km s−1 is assumed.
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Fig. A.4. Observed lines from Orion-KL (histogram spectra) and model (thin red curves) of cyanamide in its ground state. The cyan line corre-
sponds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species. A vLSR of
5 km s−1 is assumed.
Fig. A.5. Observed lines from Orion-KL (histogram spectra) and model (thin red and blue curves) of isocyanamide in its ground state. The cyan
line corresponds to the model of the molecules we have already studied in this survey (see text Sect. 4.4.2), including the CH2CHCN species. A
vLSR of 5 km s−1 is assumed.
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Table A.6. Detected lines of CH2CHCN g.s.
Transition Predicted S i j Eu vLSR ∆v TMB
∫
TMBdv
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) km s
−1 km s−1 (K) (K km s−1)
91,9–81,8 83 207.507 8.89 22.1 5.01 0.242
Wide comp. 3.5 ± 0.4 14 ± 1 0.12 1.8 ± 0.2
Narrow comp. 5.2 ± 0.3 0.8 ± 0.4 0.12 0.78 ± 0.11
90,9–80,8 84 946.003 9.00 20.4 4.41 0.242
4.4 ± 0.4 11 ± 1 0.23 2.7 ± 0.2
92,8–82,7 85 302.649 8.56 29.1 5.21 0.242
5.2 ± 0.3 9.5 ± 0.7 0.22 2.26 ± 0.14
.
..
.
..
.
..
.
..
.
..
140,14–130,13 131 267.475 14.00 47.5 2.51 2.082
142,13–132,12 132 524.586 13.70 56.4 14 ...
145,10–135,9 132 900.001 12.20 101.9 5.71 1.182
145,9–135,8 132 900.012† 12.20 101.9 5.81 ”
6.1 ± 0.5 7.8 ± 0.9 1.02 8.4 ± 0.9
146,9–136,8 132 905.283 11.40 125.6 5.11 1.022
146,8–136,7 132 905.283† 11.40 125.6 5.11 ′′
...
...
...
...
...
212,20–202,19 198 258.130 20.80 113.6 2.71,12 6.302
216,16–206,15 199 396.979 19.30 183.0 4.71 2.252
216,15–206,14 199 396.985† 19.30 183.0 4.71 ′′
217,15–207,14 199 401.677 18.70 211.0 5.11 2.452
217,14–207,13 199 401.677† 18.70 211.0 5.11 ′′
...
...
...
...
...
Notes. Emission lines of CH2CHCN ground state present in the spectral scan of the Orion-KL from the radio-telescope of IRAM-30 m. Column 1
indicates the line transition, Col. 2 gives the predicted frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5
observed radial velocities relative to the local system rest (vLSR), Col. 6 the line width, Col. 7 main beam temperature, and Col. 8 shows the area of
the line. The superscripts are as follows: (†) Blended with the previous line. (∗) noise level. (∗∗) Hole in the observed spectrum. (1) Peak channel line
observed velocity. (2) Peak channel line intensity. (3) Blended with CH3CCH. (4) Blended with 34SO2. (5) Blended with t-CH3CH2OH. (6) Blended
with OC34S. (7) Blended with H13CCCN. (8) Blended with CH3OH. (9) Blended with CH3COOH 3t = 0. (10) Blended with 13CH3OH. (11) Blended
with U-line. (12) Blended with CH3CH2CN. (13) Blended with CH2CHCN 315 = 1. (14) Blended with CH3OCH3. (15) Blended with HCOOCH3.
(16) Blended with H2C34S. (17) Blended with CH3CH132 CN. (18) Blended with 13CH3CH2CN. (19) Blended with CH3CH2CN 313/321. (20) Blended with
HCOOCH3 3t = 1. (21) Blended with 13CH3CN. (22) Blended with CH3CH2CN 320 = 1. (23) Blended with 33SO2. (24) Blended with CH2CHCN
311 = 1. (25) Blended with CH3CHO. (26) Blended with H33α. (27) Blended with (CH3)2CO. (28) Blended with SiS. (29) Blended with HCCCN.
(30) Blended with SO2. (31) Blended with CH3CN. (32) Blended with HCCCN 36 = 1. (33) Blended with CH2CHCN 310/311315. (34) Blended with
H2CO. (35) Blended with HCCCN 37 = 1. (36) Blended with HCOO13CH3. (37) Blended with SO2 32 = 1. (38) Blended with CO. (39) Blended
with C3H2. (40) Blended with CH133 CN. (41) Blended with CH2CHCN 311 = 2. (42) Blended with HDCO. (43) Blended with HDCS. (44) Blended
with H13COOCH3. (45) Blended with 34SO. (46) Blended with CH3SH. (47) Blended with 29SiO. (48) Blended with CH3CN 38 = 1. (49) Blended with
SO. (50) Blended with HCN. (51) Blended with HDO. (52) Blended with NO. (53) Blended with HCO+. (54) Blended with NH2CHO. (55) Blended with
CH133 CH2CN. (56) Blended with CH3OD. (This table is available in its entirety at the CDS. A portion is shown here for guidance regarding its form
and content.)
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Table A.7. Detected b-type lines of CH2CHCN g.s.
Transition Predicted S i j Eu vLSR1 Observed Observed Model
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) km s
−1 frequency (MHz) TMB (K)2 TMB (K)
181,17–170,18 95 212.208 11.40 81.7 4.953 95212.2 0.03 0.01
201,19–200,20 108 813.600 11.40 99.7 3.74 108814.0 0.02 0.01
182,16–181,17 113 831.149 14.00 87.1 5.48 113831.0 0.02 0.02
...
...
...
...
...
292,27–291,28 131 168.734 22.70 209.5 3.885 131169.2 0.04 0.01
170,17–161,16 136 855.602 11.00 69.0 4.754 136855.7 0.05 0.02
...
...
...
...
...
392,37–391,38 199 913.795 22.40 369.5 5.41 199913.5 0.02 0.02
201,20–190,19 200 364.538 14.20 95.2 6.62 200363.4 0.08 0.06
240,24–231,23 211 519.057 18.10 134.5 6.624 211518.4 0.12 0.07
...
...
...
...
...
Notes. Emission b-type lines of CH2CHCN ground state present in the spectral scan of the Orion-KL from the radio-telescope of IRAM-30 m.
Column 1 indicates the line transition, Col. 2 gives the predicted frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy,
Col. 5 observed radial velocities relatives (vLSR), Col. 6 observed centroid frequencies assuming a vLSR of 5 km s−1, Col. 7 observed mean beam
temperature, and Col. 8 mean beam temperature obtained with the model. (1) Peak line observed velocity. (2) Peak line intensity. (3) Blended with
311 = 1. (4) Blended with U-line. (5) Blended with DCOOCH3. (This table is available in its entirety at the CDS. A portion is shown here for
guidance regarding its form and content.)
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Table A.8. Detected lines of CH2CHCN 311 = 1.
Transition Predicted S i j Eu vLSR ∆v TMB
∫
TMBdv
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) km s
−1 km s−1 (K) (K km s−1)
91,9–81,8 83 398.992 8.89 350.6 5.41,3 0.082
90,9–80,8 85 167.948 9.00 349.0 5.31 0.032
5.3 ± 0.5 6 ± 1 0.04 0.24 ± 0.04
92,8–82,7 85 547.124 8.56 357.5 6.41 0.042
6.6 ± 0.5 8 ± 1 0.03 0.29 ± 0.03
.
..
.
..
.
..
.
..
.
..
140,14–130,13 131 561.145 14.00 376.1 4.91,10 0.372
142,13–132,12 132 894.527 13.70 384.9 11 ...
...
...
...
...
...
212,20–202,19 198 781.116 20.80 442.2 5.01 0.212
5.00 ± 0.11 7.5 ± 0.3 0.21 1.70 ± 0.07
217,15–207,14 199 974.194 18.70 538.2 2.91 0.482
217,14–207,13 199 974.194† 18.70 538.2 2.91 ′′
216,16–206,15 199 976.624† 19.30 510.6 6.61 ′′
216,15–206,14 199 976.631† 19.30 510.6 6.61 ′′
4.8 ± 0.6 12 ± 1 0.41 5.1 ± 0.5
...
...
...
...
...
Notes. Emission lines of CH2CHCN 311 = 1 present in the spectral scan of the Orion-KL from the radio-telescope of IRAM-30 m. Column 1
indicates the line transition, Col. 2 gives the predicted frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5
observed radial velocities relative to the local system rest (vLSR), Col. 6 the line width, Col. 7 main beam temperature, and Col. 8 shows the area
of the line. The superscripts are as follows: (†) Blended with the previous line. (∗∗) Hole in the observed spectrum. (1) Peak channel line observed
velocity. (2) Peak channel line intensity. (3) Blended with U-line. (4) Blended with H+ (H 42α). (5) Blended with 13CH3OH. (6) Blended with OCS.
(7) Blended with (CH3)2CO. (8) Blended with H 49β. (9) Blended with CH3CH2CN. (10) Blended with 33SO2. (11) Blended with CH3OH. (12) Blended
with CH3OCH3. (13) Blended with O13CS. (14) Blended with CH3CH2CN 320 = 1. (15) Blended with HCOOCH3. (16) Blended with CH133 CH2CN.(17) Blended with 13CH3CN. (18) Blended with CH3CH2CN 313/321. (19) Blended with H2CO. (20) Blended with CH2CHCN. (21) Blended with 34SO2.
(22) Blended with CH2CHCN 310/311315. (23) Blended with HCOO13CH3. (24) Blended with H13COOCH3. (25) Blended with CH2CHCN 315 = 1.
(26) Blended with 29SiO. (27) Blended with HCCCN ν = 0. (28) Blended with H2CCO. (29) Blended with SO2. (30) Blended with CH2CHCN 311 = 2.
(31) Blended with CH3CN 38 = 1. (32) Blended with CH2CH13CN. (33) Blended with HCCCN 36 = 1. (34) Blended with H2CCC. (35) Blended
with NH2CHO. (36) Blended with |g+-g− |-CH3CH2OH. (37) Blended with SO17O. (38) Blended with CCCS. (39) Blended with HNCO. (40) Blended
with CH3CCH. (41) Blended with HCC13CN 36 = 1. (42) Blended with HCCCN 37 = 2. (43) Blended with HDCO. (44) Blended with CH3OD.
(45) Blended with H132 CS. (46) Blended with CH3CH132 CN. (47) Blended with 34S18O. (48) Blended with CH3COOH 3t = 0. (49) Blended with HCCCN
37 = 3. (50) Blended with CH2DCCH. (51) Blended with SO18O. (52) Blended with O13C34S. (53) Blended with HNC18O. (54) Blended with CH3C15N.
(55) Blended with CH3CN. (56) Blended with CH133 CN. (57) Blended with SO. (58) Blended with 13CH2CHCN. (59) Blended with HDCS. (60) Blended
with H2C33S. (61) Blended with H2CS. (This table is available in its entirety at the CDS. A portion is shown here for guidance regarding its form
and content.)
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Table A.9. Detected lines of CH2CHCN 311 = 2.
Transition Predicted S i j Eu vLSR ∆v TMB
∫
TMBdv
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) km s
−1 km s−1 (K) (K km s−1)
91,9–81,8 83 586.209 8.89 680.0 3,4 ...
90,9–80,8 85 384.841 8.99 678.3 6.81 0.022
6.8 ± 1.8 4 ± 2 0.02 0.06 ± 0.04
92,8–82,7 85 787.036 8.56 686.8 5 ...
...
...
...
...
...
140,14–130,13 131 846.587 14.00 705.5 7 ...
142,13–132,12 133 257.141 13.70 714.2 8.01 0.072
146,9–136,8 133 664.633 11.40 781.4 5.91 0.042
146,8–136,7 133 664.633† 11.40 781.4 5.91 ′′
145,10–135,9 133 666.986† 12.20 758.4 6.81 ′′
145,9–135,8 133 667.002† 12.20 758.4 6.81 ′′
..
.
..
.
..
.
..
.
..
.
212,20–202,19 199 292.525 20.80 771.7 29 ...
217,15–207,14 200 537.645 18.70 866.4 3.81,6 0.302
217,14–207,13 200 537.645† 18.70 866.4 3.81,6 ′′
216,16–206,15 200 546.938 19.30 839.2 0.91,30 0.182
216,15–206,14 200 546.947† 19.30 839.2 0.91,30 ′′
218,14–208,13 200 551.088† 18.00 897.1 7.11,30 ′′
218,13–208,12 200 551.088† 18.00 897.1 7.11,30 ′′
.
..
.
..
.
..
.
..
.
..
Notes. Emission lines of CH2CHCN 311 = 2 present in the spectral scan of the Orion-KL from the radio-telescope of IRAM-30 m. Column 1
indicates the line transition, Col. 2 gives the predicted frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5 observed
radial velocities relative to the local system rest (vLSR), Col. 6 the line width, Col. 7 main beam temperature, and Col. 8 shows the area of the line.
The superscripts are as follows: (†) Blended with the previous line. (∗∗) Hole in the observed spectrum. (1) Peak channel line observed velocity.
(2) Peak channel line intensity. (3) Blended with H 53β. (4) Blended with Si17O. (5) Blended with HCOOCH3. (6) Blended with U-line. (7) Blended
with HNCO. (8) Blended with CH3CH2CN. (9) Blended with CH2CHCN 315 = 1. (10) Blended with CH132 CHCN. (11) Blended with SO2. (12) Blended
with 34SO2. (13) Blended with 13CH3OH. (14) Blended with (CH3)2CO. (15) Blended with CH2CHCN. (16) Blended with CH3OH. (17) Blended with
CH3CHO. (18) Blended with CH3CH2CN 313/321. (19) Blended with CH3CH2CN 320 = 1. (20) Blended with H 54δ. (21) Blended with NO. (22) Blended
with H13COOCH3. (23) Blended with CH2CHCN 310/311315. (24) Blended with CH3OCH3. (25) Blended with CH3CH132 CN. (26) Blended with H2CCO.(27) Blended with c-C2H4O. (28) Blended with |g+-g− |-CH3CH2OH. (29) Blended with HC13CCN. (30) Blended with HCC13CN. (31) Blended with
HCCCN 37 = 1. (32) Blended with HCCCN 34+37. (33) Blended with CH3CH2C15N. (34) Blended with CH2CHCN 311 = 1. (35) Blended with
CH132 CHCN. (36) Blended with NH2CHO. (37) Blended with 13CH3CH2CN. (38) Blended with HCCCN 37 = 2. (39) Blended with SO. (40) Blended
with H2CCO. (41) Blended with SO18O. (42) Blended with HCCCN. (43) Blended with H13CCCN. (44) Blended with CH2CH13CN. (45) Blended with
SO2 32 = 1. (46) Blended with CH133 CN. (47) Blended with DCOOCH3. (48) Blended with CH3CN. (49) Blended with H2CS. (50) Blended with CCCS.
(51) Blended with CH3COOH 3t = 0. (52) Blended with HNC18O. (53) Blended with CH133 CH2CN. (54) Blended with OCS. (55) Blended with H2CCC.
(56) Blended with CH3CN 38 = 1. (57) Blended with HDCO. (58) Blended with CH3C15N. (59) Blended with HCO+. (60) Blended with 13CH3CN.
(61) Blended with HCOO13CH3. (62) Blended with t-CH3CH2OH. (63) Blended with H15NCO. (64) Blended with H2C18O. (This table is available in
its entirety at the CDS. A portion is shown here for guidance regarding its form and content.)
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Table A.10. Detected lines of CH2CHCN 311 = 3.
Transition Predicted S i j Eu vLSR ∆v TMB
∫
TMBdv
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) km s
−1 km s−1 (K) (K km s−1)
91,9–81,8 83 769.181 8.89 1007.6 3 ...
90,9–80,8 85 596.639 8.99 1006.1 3 ...
92,8–82,7 86 022.191 8.56 1014.4 4 ...
95,5–85,4 86 148.048 6.22 1057.9 4.51 0.012
95,4–85,3 86 148.048† 6.22 1057.9 4.51 ′′
...
...
...
...
...
141,14–131,13 130 055.036 13.90 1034.4 11,12 ...
140,14–130,13 132 123.977 14.00 1033.3 13 ...
142,13–132,12 133 612.205 13.70 1041.9 4 ...
146,9–136,8 134 034.186 11.40 1108.3 6 ...
146,8–136,7 134 034.187† 11.40 1108.3 6 ...
...
...
...
...
...
212,20–202,19 199 792.621 20.80 1099.5 19,27,28 ...
217,15–207,14 201 090.968 18.70 1193.1 10 ...
217,15–207,14 201 090.968† 18.70 1193.1 10 ...
218,14–208,13 201 098.099† 18.00 1224.1 10 ...
218,13–208,12 201 098.099† 18.00 1224.1 10 ...
...
...
...
...
...
Notes. Emission lines of CH2CHCN 311 = 3 present in the spectral scan of the Orion-KL from the radio-telescope of IRAM-30 m. Column 1
indicates the line transition, Col. 2 gives the predicted frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5
observed radial velocities relative to the local system rest (vLSR), Col. 6 the line width, Col. 7 main beam temperature, and Col. 8 shows the area of
the line. The superscripts are as follows: (†) Blended with the previous line. (∗) Noise level. (∗∗) Hole in the observed spectrum. (1) Peak channel line
observed velocity. (2) Peak channel line intensity. (3) Blended with U-line. (4) Blended with HCOOCH3. (5) Blended with CH3OCH3. (6) Blended with
CH3CH2CN. (7) Blended with CH3CH2C15N. (8) Blended with H 49β. (9) Blended with CH2CHCN 311 = 1. (10) Blended with CH3OH. (11) Blended
with O13C34S. (12) Blended with CH133 CH2CN. (13) Blended with 34SO2. (14) Blended with H13CS. (15) Blended with H13COOCH3. (16) Blended with
CH2CHOH. (17) Blended with (CH3)2CO. (18) Blended with SO2 32 = 1. (19) Blended with CH3CH2CN 313/321. (20) Blended with HDO. (21) Blended
with CH3OD. (22) Blended with SO17O. (23) Blended with HCCCN. (24) Blended with 29SiO. (25) Blended with CH3CH132 CN. (26) Blended with
13CH2CHCN. (27) Blended with CH2CHCN 315 = 1. (28) Blended with HCC13CN 37 = 1. (29) Blended with CHDCHCN. (30) Blended with
CH132 CHCN. (31) Blended with H2CCO. (32) Blended with SO2. (33) Blended with CH3CH2CN 320 = 1. (34) Blended with H2CS. (35) Blended
with 33SO2. (36) Blended with DCOOCH3. (37) Blended with c-C3H2. (38) Blended with CH2CHCN. (39) Blended with 13CH3OH. (40) Blended with
HN13CO. (41) Blended with 13CH3CH2CN. (42) Blended with HNC18O. (43) Blended with SO18O. (44) Blended with H13CCCN 37 = 1. (45) Blended
with HCOO13CH3. (46) Blended with |g+-g− |-CH3CH2OH. (47) Blended with t-CH3CH2OH. (48) Blended with D2CO. (49) Blended with CH3C15N.
(50) Blended with NH2CHO. (51) Blended with CH3CN 38 = 1. (52) Blended with 34SO. (53) Blended with 33SO. (54) Blended with CH3COOH 3t = 0.
(55) Blended with CH3OD. (56) Blended with H13CN. (57) Blended with H2CCS. (58) Blended with HDCO. (59) Blended with CH2CHCN 311 = 2.
(60) Blended with CH2DCN. (61) Blended with DCCCN. (This table is available in its entirety at the CDS. A portion is shown here for guidance
regarding its form and content.)
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Table A.11. Detected lines of CH2CHCN 315 = 1.
Transition Predicted S i j Eu vLSR ∆v TMB
∫
TMBdv
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) km s
−1 km s−1 (K) (K km s−1)
91,9–81,8 83 349.865 8.89 500.9 3 ...
90,9–80,8 85 075.547 9.00 499.1 5.61 0.032
92,8–82,7 85 416.767 8.56 508.0 4 ...
94,6–84,5 85 528.061 7.22 534.5 4.01 0.022
94,5–84,4 85 528.107† 7.22 534.5 4.21 ′′
95,5–85,4 85 532.951 6.22 554.4 4.11 0.022
95,4–85,3 85 532.951† 6.22 554.4 4.11 ′′
4.3 ± 0.2 7.2 ± 0.7 0.02 0.12 ± 0.01
..
.
..
.
..
.
..
.
..
.
140,14–130,13 131 504.447 14.00 526.2 6.61,13 0.112
142,13–132,12 132 709.220 13.70 535.3 6.11 0.082
145,10–135,9 133 073.970 12.20 581.7 4 ...
145,9–135,8 133 073.979† 12.20 581.7 4 ...
...
...
...
...
...
212,20–202,19 198 556.992 20.80 592.6 5.51 0.162
5.60 ± 0.11 5.2 ± 0.4 0.17 0.91 ± 0.08
216,16–206,15 199 658.717 19.30 663.4 4,32 ...
216,15–206,14 199 658.722† 19.30 663.4 4,32 ...
217,15–207,14 199 669.152 18.70 692.0 4,32 ...
217,14–207,13 199 669.152† 18.70 692.0 4,32 ...
215,17–205,16 199 683.011 19.80 639.2 6 ...
215,16–205,15 199 683.411† 19.80 639.2 6 ...
..
.
..
.
..
.
..
.
..
.
Notes. Emission lines of CH2CHCN 315 = 1 present in the spectral scan of the Orion-KL from the radio-telescope of IRAM-30 m. Column 1
indicates the line transition, Col. 2 gives the predicted frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5
observed radial velocities relative to the local system rest (vLSR), Col. 6 the line width, Col. 7 main beam temperature, and Col. 8 shows the area
of the line. The superscripts are as follows: (†) Blended with the previous line. (∗∗) Hole in the observed spectrum. (1) Peak channel line observed
velocity. (2) Peak channel line intensity. (3) Blended with HCOOCH3. (4) Blended with CH2CHCN. (5) Blended with CH2CHCN 311 = 1. (6) Blended
with U-line. (7) Blended with CCH. (8) Blended with 13CH3OH. (9) Blended with CH132 CHCN. (10) Blended with CH3OH. (11) Blended with 34SO.
(12) Blended with CH3COOH 3t = 0. (13) Blended with t-CH3CH2OH. (14) Blended with (CH3)2CO. (15) Blended with CH3CH2CN. (16) Blended with
SO2. (17) Blended with 13CH3CH2CN. (18) Blended with CH3C15N. (19) Blended with DNCO. (20) Blended with CH3CH2CN 313/321. (21) Blended with
HCC13CN 37 = 1. (22) Blended with H13COOCH3. (23) Blended with HCOOCH3 3t = 1. (24) Blended with CH3OCH3. (25) Blended with CH3OCOD.
(26) Blended with HNCO. (27) Blended with H2CCO. (28) Blended with NS. (29) Blended with CH2DCCH. (30) Blended with CH3CH2CN 320 = 1.
(31) Blended with 18OCS. (32) Blended with SiS. (33) Blended with HCCCN. (34) Blended with CH3CH2C15N. (35) Blended with H2C3. (36) Blended
with |g+-g− |-CH3CH2OH. (37) Blended with SO18O. (38) Blended with CH3CHO. (39) Blended with HCCCN 36 = 1. (40) Blended with H2CO.
(41) Blended with HN13CO. (42) Blended with HCCCN 37 = 1. (43) Blended with 33SO2. (44) Blended with OCS. (45) Blended with DNCS. (46) Blended
with CH3CN 38 = 1. (47) Blended with HCCCN 37 = 2. (48) Blended with H13CCCN 37 = 1. (49) Blended with 13CH2CHCN. (50) Blended with
HCCCN 36+37. (51) Blended with H13CCCN ν = 0. (52) Blended with CH2CHCN 310/311315. (53) Blended with CH3CN. (54) Blended with CH133 CN.
(55) Blended with HCOO13CH3. (56) Blended with CH133 CH2CN. (57) Blended with 34SO2. (58) Blended with HDCS. (59) Blended with O13CS.
(60) Blended with CH2CHCN 311 = 3. (61) Blended with HCCCN 37 = 3. (62) Blended with DCOOCH3. (63) Blended with H13COOCH3. (64) Blended
with NH2CHO. (65) Blended with CH3OD. (66) Blended with g−-CH3CH2OH. (This table is available in its entirety at the CDS. A portion is shown
here for guidance regarding its form and content.)
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Table A.12. Detected lines of CH2CHCN 310 = 1 ⇔ (311 = 1,315 = 1).
Transition Predicted S i j Eu vLSR1 Observed Observed Model
JKa ,Kc ,v − J′K′a ,K′c ,v′ frequency (MHz) (K) km s
−1 frequency (MHz) TMB (K)2 TMB (K)
91,9,0–81,8,0 83 116.219 8.89 830.7 4.4 83 116.4 0.02 0.01
91,9,1–81,8,1 83 527.527 8.89 834.3 1.9 83 528.4 0.03 0.01
90,9,0–80,8,0 84 834.239 8.99 829.0 7.4 84 833.6 0.01 0.01
92,9,0–82,8,0 85 222.373 8.55 837.7 3 ... ... ...
...
...
...
...
...
140,14,0–130,13,0 131 110.736 14.00 856.1 22 ... ... ...
142,13,0–132,12,0 132 389.964 13.70 864.9 3.0 132 390.8 0.04 0.04
145,10,0–135,9,0 132 761.289 12.20 910.1 5 ... ... ...
145,9,0–135,8,0 132 761.289† 12.20 910.1 5 ... ... ...
146,9,0–136,8,0 132 767.225 11.40 933.6 5 ... ... ...
146,8,0–136,7,0 132 767.225† 11.40 933.6 5 ... ... ...
.
..
.
..
.
..
.
..
.
..
212,20,0–202,19,0 198 041.306 20.80 922.0 16 ... ... ...
212,20,1–202,19,1 199 062.857 20.80 926.1 6.0 199 062.2 0.08 0.10
216,16,0–206,15,0 199 190.101 19.30 991.0 7.55,16 199 188.4 0.15 0.15
216,15,0–206,14,0 199 190.107† 19.30 991.0 7.55,16 199188.4 ” 0.15
217,14,0–207,13,0 199 196.532 18.70 1018.8 4.0 199 197.1 0.14 0.13
217,15,0–207,14,0 199 196.532† 18.70 1018.8 4.0 199197.1 ” 0.13
...
...
...
...
...
Notes. Emission lines of CH2CHCN 310 = 1 ⇔ (311 = 1,315 = 1) present in the spectral scan of the Orion-KL from the radio-telescope of
IRAM-30 m. The quantum number ν corresponds with the vibrational level and takes the value ν = 0 and ν = 1 whether the state is 310 = 1 or
(311 = 1,315 = 1), respectively. Column 1 indicates the line transition, Col. 2 gives the predicted frequency in the laboratory, Col. 3 the line strength,
Col. 4 upper level energy, Col. 5 observed radial velocities relative to the local system rest (vLSR), Col. 6 observed centroid frequencies assuming
a vLSR of 5 km s−1, Col. 7 observed main beam temperature, and Col. 8 mean beam temperature obtained with the model. The superscripts are as
follows: (†) Blended with the last one. (∗∗) Hole in the observed spectrum. (1) Peak channel line observed velocity. (2) Peak channel line intensity.
(3) Blended with 33SO. (4) Blended with HCS+. (5) Blended with U-line. (6) Blended with HCOOCH3. (7) Blended with SO. (8) Blended with
CH3CH2C15N. (9) Blended with (CH3)2CO. (10) Blended with CH3OCH3. (11) Blended with CH3OH. (12) Blended with HDCS. (13) Blended with
13CH3OH. (14) Blended with CH132 CHCN. (15) Blended with CH2CHCN. (16) Blended with CH3CH2CN. (17) Blended with 34SO2. (18) Blended
with CH2CH13CN. (19) Blended with CH3C15N. (20) Blended with CH3CN 38 = 1. (21) Blended with c-C2H4O. (22) Blended with CH3CH132 CN.(23) Blended with CH2CHCN 315 = 1. (24) Blended with SO2. (25) Blended with CH3CH2CN 313/321. (26) Blended with |g+-g− |-CH3CH2OH.
(27) Blended with CH3OD. (28) Blended with CH133 CH2CN. (29) Blended with CH3CH2CN 320 = 1. (30) Blended with CH2CHCN 311 = 2. (31) Blended
with CH3CHO. (32) Blended with CH2CHCN 311 = 1. (33) Blended with 13CH2CHCN. (34) Blended with H13COOCH3. (35) Blended with SO17O.
(36) Blended with OC36S. (37) Blended with SO2 32 = 1. (38) Blended with HCCCN 37 = 2. (39) Blended with H132 CS. (40) Blended with NH2CHO.(41) Blended with H2CS. (42) Blended with 33SO2. (43) Blended with HCOO13CH3. (44) Blended with 13CH3CH2CN. (45) Blended with HCC13CN
37 = 2. (46) Blended with CH3CN. (47) Blended with DCOOCH3. (48) Blended with HC13CCN ν = 0. (49) Blended with SiS. (50) Blended with
O13CS. (51) Blended with H2CO. (52) Blended with HCCCN. (53) Blended with t-CH3CH2OH. (54) Blended with CH183 OH. (55) Blended with C18O.
(56) Blended with O34S18O. (57) Blended with HDCO. (58) Blended with HCCCN 36 = 1. (59) Blended with HNC18O. (60) Blended with SO18O.
(61) Blended with CO. (62) Blended with HCCCN 36 = 2. (63) Blended with HCCCN 37 = 3. (64) Blended with CH3COOH 3t = 0. (65) Blended
with CH2CHCN 311 = 3. (66) Blended with CH2CDCN. (67) Blended with CH3CN 38 = 1. (68) Blended with CCCS. (69) Blended with HCC13CN.
(70) Blended with 34SO. (71) Blended with H13CCCN. (72) Blended with HDO. (73) Blended with 13CH3CN. (74) Blended with CH3CCH. (75) Blended
with HDCS. (76) Blended with CH133 CN. (77) Blended with HCOOH. (78) Blended with SiO. (79) Blended with SiO ν = 1. (80) Blended with DCOOH.
(81) Blended with HCN. (82) Blended with H2C34S. (83) Blended with NH2CHO 312 = 1. (84) Blended with CH2CHC15N. (85) Blended with CH3OD.
(86) Blended with DCHCHCN. (This table is available in its entirety at the CDS. A portion is shown here for guidance regarding its form and
content.)
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Table A.13. Detected lines of 13C1, 13C2, and 13C3 isotopologues of CH2CHCN.
Transition Predicted S i j Eu vLSR1 Observed Observed Model
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) km s
−1 frequency (MHz) TMB (K)3 TMB (K)
Detected lines of 13CH2CHCN
91,9–81,8 81 051.736 8.89 21.6 5.54 81 051.6 0.01 0.01
92,8–82,7 83 064.074 8.56 28.5 5.662 83 063.9 0.01 0.01
94,6–84,5 83 172.144 7.22 54.2 2.66 83 172.8 0.01 0.01
94,5–84,4 83 172.189† 7.22 54.2 2.82 ′′ ′′ ′′
93,6–83,5 83 187.779 8.00 39.2 6.342 83 187.4 0.02 0.01
96,4–86,3 83 188.121† 5.00 96.8 7.572 ′′ ′′ ′′
96,3–86,2 83 188.121† 5.00 96.8 7.572 ′′ ′′ ′′
...
...
...
...
...
141,13–131,12 131 955.171 13.90 49.7 8.063 131 953.8 0.13 0.03
152,14–142,13 138 228.563 14.70 61.7 5.78 138 228.3 0.08 0.03
155,11–145,10 138 657.101 13.30 106.6 1.602 138 658.6 0.08 0.05
155,10–145,9 138 657.119† 13.30 106.6 1.642 ′′ ′′ ′′
154,12–144,11 138 678.606 13.90 87.4 3.79 138 679.1 0.08 0.07
154,11–144,10 138 678.418† 13.90 87.4 7.71 ′′ ′′ ′′
157,9–147,8 138 680.928† 11.70 157.8 8.81 ′′ ′′ ′′
157,8–147,7 138 680.928† 11.70 157.8 8.81 ′′ ′′ ′′
...
...
...
...
...
220,22–210,21 198 591.415 22.00 110.7 3.797 198 592.3 0.18 0.08
224,19–214,18 203 539.866 21.30 110.7 0.492 203 542.9 0.21 0.08
2210,12–2110,11 203 542.989† 17.50 325.0 5.092 ′′ ′′ ′′
2210,13–2110,12 203 542.989† 17.50 325.0 5.092 ′′ ′′ ′′
.
..
.
..
.
..
.
..
.
..
Detected lines of CH213CHCN
94,6–84,5 84 961.208 7.22 54.1 0.86 84 962.9 0.01 0.01
94,5–84,4 84 961.208† 7.22 54.1 0.65 ′′ ′′ ′′
95,5–85,4 84 963.011† 6.22 73.0 5.50 ′′ ′′ ′′
95,4–85,3 84 963.011† 6.22 73.0 5.50 ′′ ′′ ′′
92,7–82,6 85 278.270 8.56 28.9 8.172 85 277.4 0.02 0.01
...
...
...
...
...
140,14–130,13 130 481.709 14.00 47.2 5.48 130 481.5 0.09 0.03
145,10–135,9 132 191.757 12.20 100.2 4.382 132 192.0 0.13 0.05
145,9–135,8 132 191.770† 12.20 100.2 4.412 ′′ ′′ ′′
146,9–136,8 132 194.320† 11.40 123.3 7.812 ′′ ′′ ′′
146,8–136,7 132 194.320† 11.40 123.3 7.812 ′′ ′′ ′′
.
..
.
..
.
..
.
..
.
..
217,15–207,14 198 336.172 18.70 207.7 4.26 198 336.7 0.18 0.18
217,14–207,13 198 336.172† 18.70 207.7 4.26 ′′ ′′ ′′
216,16–206,15 198 336.544† 19.30 180.4 4.83 ′′ ′′ ′′
216,15–206,14 198 336.552† 19.30 180.4 4.84 ′′ ′′ ′′
218,14–208,13 198 358.019 18.00 239.1 1.452 198 360.4 0.12 0.07
218,13–208,12 198 358.019† 18.00 239.1 1.452 ′′ ′′ ′′
..
.
..
.
..
.
..
.
..
.
Notes. Emission lines of of 13CH2CHCN, CH132 CHCN and CH2CH13CN isotopologues in its ground state present in the spectral scan of the
Orion-KL from the radio-telescope of IRAM-30 m. Column 1 indicates the line transition, Col. 2 gives the predicted frequency in the laboratory,
Col. 3 the line strength, Col. 4 upper level energy, Col. 5 observed radial velocities relatives (vLSR), Col. 6 observed centroid frequencies assuming
a vLSR of 5 km s−1, Col. 7 observed mean beam temperature, and Col. 8 mean beam temperature obtained with the model. The superscripts
are as follows: (†) Blended with the last one. (1) Peak line intensity. (2) Blended with U-line. (3) Blended with HCOOCH3. (4) Blended with
CH2CHC15N. (5) Blended with DCOOCH3. (6) Blended with HCOO13CH3. (7) Blended with CH2CH13CN. (8) Blended with g+-CH3CH2OH.
(9) Blended with H2CCS. (10) Blended with CH3CH2CN 313/321. (11) Blended with CH3CCD. (12) Blended with t-CH3CH2OH. (13) Blended with
CH3CH2CN. (14) Blended with CH2CHCN 311 = 1. (15) Blended with CH3COOH 3t = 0. (16) Blended with (CH3)2CO. (17) Blended with CH2CHCN
310/311315.
(18) Blended with H13COOCH3. (19) Blended with SO18O. (20) Blended with CH3CHO. (21) Blended with SO17O. (22) Blended with 13CN.
(23) Blended with CH2CH13CN. (24) Blended with CH132 CHCN. (25) Blended with HCOOCH3 3t = 1. (26) Blended with 13CH2CHCN. (27) Blended
with NH2D. (28) Blended with 13CH3OH. (29) Blended with 33SO2. (30) Blended with SO2 32 = 2. (This table is available in its entirety at the CDS.
A portion is shown here for guidance regarding its form and content.)
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Table A.13. continued.
Transition Predicted S i j Eu vLSR1 Observed Observed Model
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) km s
−1 frequency (MHz) TMB (K)3 TMB (K)
Detected lines of CH2CH13CN
95,5–85,4 85 041.672 6.22 74.4 2.612 85 042.4 0.02 0.01
95,4–85,3 85 041.672† 6.22 74.4 2.612 ′′ ′′ ′′
96,4–86,3 85 053.074 5.00 98.1 3.16 85 055.4 0.01 0.01
96,3–86,2 85 053.074† 5.00 98.1 3.16 ′′ ′′ ′′
93,6–83,5 85 055.519† 8.00 39.9 5.47 ′′ ′′ ′′
100,10–90,9 93 864.835 9.99 24.8 3.502 93 865.2 0.02 0.01
..
.
..
.
..
.
..
.
..
.
219,12–209,11 198 588.933 17.10 279.3 7.612,26 198 587.2 0.31 0.11
219,13–209,12 198 588.933† 17.10 279.3 7.612,26 ′′ ′′ ′′
214,17–204,16 198 654.522 20.20 139.4 4.7527 198 654.6 0.20 0.07
2113,9–2013,8 198 864.217 13.00 467.0 6.222 198 863.4 0.10 0.04
2113,8–2013,7 198 864.217† 13.00 467.0 6.222 ′′ ′′ ′′
221,22–211,21 201 496.193 21.95 113.7 3.60 201 497.1 0.10 0.13
...
...
...
...
...
Table A.14. Detected lines of vinyl isocyanide (CH2CHNC).
Transition Predicted S i j Eu vLSR1 Observed Observed Model
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) km s
−1 frequency (MHz) TMB (K)2 TMB (K)
92,8–82,7 92 222.557 8.56 31.0 2.74 92 223.3 0.02 0.01
93,7–83,6 92 376.457 8.00 42.2 8.823 92 375.3 0.03 0.01
96,4–86,3 92 379.404 5.00 102.0 5.487 92 379.3 0.01 0.01
96,3–86,2 92 379.404† 5.00 102.0 5.487 92 379.3 0.01 0.01
93,6–83,5 92 386.902 8.00 42.2 6.95 92 386.3 0.02 0.01
.
..
.
..
.
..
.
..
.
..
132,12–122,11 133 062.524 12.70 53.6 3.416 133 063.2 0.04 0.03
133,10–123,9 133 566.376 12.30 64.8 6.48 133 565.7 0.04 0.03
132,11–122,10 134 563.575 12.70 53.9 4.757 134 563.7 0.08 0.04
140,14–130,13 141 702.008 14.00 51.3 5.82 141 701.6 0.04 0.04
...
...
...
...
...
192,17–182,16 198 094.397 18.80 103.3 4.5010 198 094.8 0.09 0.10
191,18–181,17 198 245.681 18.90 97.7 8.79 198 242.9 0.10 0.10
203,18–193,17 205 532.002 19.50 123.5 8.41 205 529.7 0.10 0.10
211,21–201,20 208 561.673 20.90 112.7 2.99 208 563.0 0.15 0.12
...
...
...
...
...
Notes. Emission lines of vinyl isocyanide (CH2CHNC) present in the spectral scan of the Orion-KL from the radio-telescope of IRAM-30 m.
Column 1 indicates the line transition, Col. 2 gives the predicted frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy,
Col. 5 observed radial velocities relatives (vLSR), Col. 6 observed centroid frequencies assuming a vLSR of 5 km s−1, Col. 7 observed mean beam
temperature, and Col. 8 mean beam temperature obtained with the model. The superscripts are as follows: (†) Blended with the last one. (1) Peak
line observed velocity. (2) Peak line intensity. (3) Blended with HCOOCH3 3t = 1. (4) Blended with HCOOCH3. (5) Blended with H13COOCH3.
(6) Blended with CH2CHCN. (7) Blended with U-line. (8) Blended with SO18O. (9) Blended with DCOOCH3. (10) Blended with O-H2CS. (11) Blended
with HCDCHCN. (12) Blended with CH3CH2CN. (13) Blended with (CH3)2CO. (14) Blended with CH3CH2C15N. (15) Blended with HCOO13CH3.
(This table is available in its entirety at the CDS. A portion is shown here for guidance regarding its form and content.)
A44, page 38 of 39
124 Capı´tulo 5: Trabajos publicados
A. López et al.: Vibrationally excited vinyl cyanide in Orion-KL
Appendix B: Typographical error in Daly et al. (2013)
Table B.1. Physico-chemical conditions of Orion-KL from CH3CH2CN.
Hot core 1 Hot core 2 Hot core 3
dsou (”) 4 10 25
offset (”) 5 5 5
vexp (km s−1) 5 13 22
vLSR (km s−1) 5 3 3
T ETL (K) 275 110 65 NTOTAL (cm−2)
N(CH3CH2CN) (cm−2) (6 ± 2) × 1016 (8 ± 2) × 1015 (3.0 ± 0.9) × 1015 (7 ± 2) × 1016
N(CH3CH2CN 313 = 1/321 = 1) (cm−2) (8 ± 2) × 1015 (1.1 ± 0.3) × 1015 (4 ± 1) × 1014 (1.0 ± 0.3) × 1016
N(CH3CH2CN 320) (cm−2) (3 ± 1) × 1015 (4 ± 1) × 1014 (1.7 ± 0.5) × 1014 (4 ± 1) × 1015
N(CH3CH2CN 312) (cm−2) (1.2 ± 0.6) × 1015 (1.6 ± 0.5) × 1014 (6 ± 3) × 1013 (1.4 ± 0.7) × 1015
N(13CH3CH2CN) (cm−2) (7 ± 2) × 1014 (1.9 ± 0.6) × 1014 (7 ± 2) × 1013
N(CH313CH2CN) (cm−2) (7 ± 2) × 1014 (1.9 ± 0.6) × 1014 (7 ± 2) × 1013
N(CH3CH213CN) (cm−2) (7 ± 2) × 1014 (1.9 ± 0.6) × 1014 (7 ± 2) × 1013
N(CH3CH2C15N) (cm−2) (2 ± 1) × 1014 (5 ± 3) × 1013 (1.7 ± 0.8) × 1013
N(A-CH2DCH2CN) (cm−2) ≤6 × 1014 ≤2 × 1014 ≤6 × 1013
N(S-CH2DCH2CN) (cm−2) ≤7 × 1014 ≤1 × 1014 ≤6 × 1013
N(CH3CHDCN) (cm−2) ≤6 × 1014 ≤2 × 1014 ≤6 × 1013
Notes. Physico-chemical conditions of Orion-KL from the analysis of ethyl cyanide emission lines in the range of 80–280 GHz. In bold type, we
display the doubled revised values. The other values are the same. The revised values corresponded to the hot narrow component (1) for the ground
and excited states. Vibrational temperatures are not affected, while isotopic ratios have to be changed by the same correction factor.
Table B.2. Isotopic abundances for CH3CH2CN in the Orion-KL region.
12C/13C 14N/15N H/D
Isotopic abundance (ratio X) 73 ± 22 256 ± 128 0.012 ± 0.005
Notes. Owing to the error in the column densities of hot narrow component for the ground and excited states, isotopic abundances are increased
by a factor less than 2 for 12C/13C and 14N/15N ratios of ethyl cyanide. On the other hand, the H/D ratio is decreased by half.
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5.3 Descubrimiento de acetato de metilo y de gauche formiato de etilo en
Orio´n
El artı´culo que nos ocupa en esta seccio´n fue uno de los resultados ma´s impactantes del barrido
espectral sobre Orio´n-KL: se trata del descubriento, por primera vez en el espacio, de acetato de
metilo (CH3COOCH3) y de uno de sus iso´meros, el confo´rmero gauche de formiato de etilo (g-
CH3CH2OCOH). El trabajo fue publicado en la revista The Astrophysical Journal Letters en el an˜o
2013.
El acetato de metilo es una mole´cula dominada por la doble torsio´n de los grupos metilo y presenta
cinco estados de simetrı´a: AA (A1 y A2), EA (E1), AE (E2), EE (E3 y E4). Debido a esta complejidad en
los estados de simetrı´a, el patro´n que presentan las lı´neas de emisio´n de la mole´cula puede ser identificado
de manera inequı´voca en espectros que presenten una alta densidad de lı´neas, como en el caso de Orio´n-
KL. La deteccio´n de esta mole´cula supuso la primera identificacio´n de una especie que contiene el grupo
acetato en el espacio. De esta manera, el trabajo demostro´ la complejidad quı´mica del medio interestelar
y abrio´ el camino para explorar nuevas rutas quı´micas en este medio. Metil acetato probablemente se
forme por medio de mu´ltiples reacciones a partir de especies detectadas en regiones de formacio´n de
estrellas como formiato de metilo, a´cido ace´tico o metanol. La identificacio´n de la ruta ma´s favorable
supone un reto para la comprensio´n de la formacio´n de especies complejas. Como ya hemos visto, en
estas regiones la quı´mica detectada es el producto de reacciones en fase gaseosa, reacciones sobre los
mantos del polvo y de la evaporacio´n de estos mantos, donde otra vez las especies evaporadas pueden
reaccionar en la fase gaseosa.
A pesar de que el objetivo principal del artı´culo era mostrar esta primera identificacio´n (de ahı´ su
presentacio´n en formato Letter) en e´l se presenta la bu´squeda en Orio´n de diferentes iso´meros del
metil acetato. Se detectaron los dos confo´rmeros, trans y gauche de formiato de etilo. El segundo,
tambie´n por primera vez en el espacio. Mediante el ana´lisis de todas estas especies se determino´ que
los iso´meros parecı´an estar relacionados espacialmente en la fuente. De otros tres iso´meros de estas
especies −a´cido propanoico (CH3CH2COOH), hidroxiacetona (CH3COCH2OH) y metoxiacetaldehı´do
(CH3OCH2OH)−, solo pudimos aportar lı´mites superiores para sus densidades de columna pues no
fueron identificadas por encima del lı´mite de deteccio´n de nuestro barrido espectral.
A continuacio´n presentamos el artı´culo de esta primera deteccio´n de un acetato en el espacio. En el
Ape´ndice C se muestra la tabla que forma parte del contenido online del artı´culo y que se puede encontrar
en la base de datos CDS3.
3http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/ApJ/770/L13
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ABSTRACT
We report on the discovery of methyl acetate, CH3COOCH3, through the detection of a large number of rotational
lines from each one of the spin states of the molecule: AA species (A1 or A2), EA species (E1), AE species (E2),
and EE species (E3 or E4). We also report, for the first time in space, the detection of the gauche conformer of
ethyl formate, CH3CH2OCOH, in the same source. The trans conformer is also detected for the first time outside
the Galactic center source SgrB2. From the derived velocity of the emission of methyl acetate, we conclude that it
arises mainly from the compact ridge region with a total column density of (4.2 ± 0.5) × 1015 cm−2. The derived
rotational temperature is 150 K. The column density for each conformer of ethyl formate, trans and gauche, is
(4.5 ± 1.0) × 1014 cm−2. Their abundance ratio indicates a kinetic temperature of 135 K for the emitting gas and
suggests that gas-phase reactions could participate efficiently in the formation of both conformers in addition to
cold ice mantle reactions on the surface of dust grains.
Key words: ISM: abundances – ISM: individual objects (Orion KL) – ISM: molecules – line: identification –
molecular data
Online-only material: machine-readable table
1. INTRODUCTION
The line survey of Orion carried out by Tercero and collab-
orators using the IRAM 30 m telescope presents a forest of
lines arising from isotopologues and vibrationally excited states
of abundant species (see, e.g., Tercero et al. 2010, 2011; Daly
et al. 2013). The problem of identifying these features was a
real challenge as initially we had more than 8000 unidenti-
fied lines. The analysis of the data has been done molecule by
molecule (Tercero 2012). For each species we explored the lit-
erature for spectroscopic information on the isotopologues and
vibrationally excited states, but substantial laboratory work was
missing for most of these species. In 2006 we began a close
collaboration with different spectroscopic laboratories that al-
lowed us to identify nearly 4000 of these unknown lines (of-
ten called weeds). The 13C and 15N isotopologues from ethyl
cyanide, CH3CH2CN, were measured by Demyk et al. (2007)
and Margule`s et al. (2009). Several vibrationally excited states
of the same species were characterized in the laboratory by
Daly et al. (2013). The 13C, deuterated, and 18O isotopologues
of methyl formate were observed in the laboratory by Carvajal
et al. (2009), Margule`s et al. (2010), and Tercero et al. (2012),
respectively. The vibrationally excited state ν12 of formamide
was measured in the laboratory by Motiyenko et al. (2012).
Finally, A. Lo´pez et al. (in preparation) have characterized in the
laboratory several vibrationally excited states of vinyl cyanide,
CH2CHCN, which have been identified in Orion together with
all its isotopologues 13C, 15N, and D. All these isotopologues
and vibrationally excited states were detected in space for the
first time, thanks to these new laboratory data. In addition, the
study of the survey was divided in the analysis of different fam-
ilies of molecules: CS-bearing species (Tercero et al. 2010),
silicon-bearing molecules (Tercero et al. 2011), SO and SO2
∗ This work was based on observations carried out with the IRAM 30 m
telescope. IRAM is supported by INSU/CNRS (France), MPG (Germany),
and IGN (Spain).
(Esplugues et al. 2013). Work on other species, such as HCN,
HNC, and HCO+, CH3CN, HC3N, and HC5N, and organic sat-
urated O-rich species, is in progress (N. Marcelino et al., in
preparation; T. A. Bell et al., in preparation; G. B. Esplugues
et al., in preparation; A. Lo´pez et al., in preparation).
Although many of the still 4000 remaining U lines could
belong to rare isotopologues of complex organic molecules,
we believe that we are ready now to begin the search for new
molecular species. The study of a cloud such as Orion could
provide important clues on the formation of complex organic
molecules on the grain surfaces and/or in the gas phase. A
systematic line survey with most weeds removed permits us to
address the problem of the abundances of isomers and derivates
of key species, such as methyl formate, ethyl cyanide, and others.
Moreover, it will constitute the best spectral template for future
ALMA observations of hot cores.
In this Letter we report the detection for the first time in
space of methyl acetate, CH3COOCH3, from the detection of
many lines from the states AA, AE, EA, and EE (E3, and E4)
of this molecule at 3, 2, and 1.3 mm. The gauche conformer of
ethyl formate (an isomer of methyl acetate), for which the anti
conformer was previously detected in SgrB2 by Belloche et al.
(2009), has also been detected in Orion. This detection of ethyl
formate outside the Galactic center indicates that this species is
also efficiently produced in hot cores.
2. OBSERVATIONS
The observations were carried out using the IRAM 30 m ra-
diotelescope during several periods (see Tercero et al. 2010).
System temperatures were in the range 200–800 K for the
1.3 mm receivers, 200–500 K for the 2 mm receivers, and
100–350 K for the 3 mm receivers, depending on the par-
ticular frequency, weather conditions, and source elevation.
The intensity scale was calibrated using two absorbers at
different temperatures and using the Atmospheric Transmission
Model (Cernicharo 1985; Pardo et al. 2001). Pointing and focus
1
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were regularly checked on the nearby quasars 0420−014 and
0528+134. Observations were made in the balanced wobbler-
switching mode. We pointed the observations toward IRc2 at
α(J2000)= 5h35m14.s5, δ(J2000)=−5◦ 22′ 30.′′0. The data were
processed using the IRAM GILDAS software3 (developed by
the Institute de Radioastronomie Millimetrique). We considered
lines with intensities >0.02 K, covering three or more channels.
Figures are shown in units of main beam antenna temperature,
TMB = T
?
A/ηMB, where ηMB is the main beam efficiency. A more
detailed description of the observations can be found in Tercero
et al. (2010).
3. FREQUENCY AND INTENSITY PREDICTIONS
FOR METHYL ACETATE
Methyl acetate, [CH3–O–C(=O)–CH3], has been studied by
Sheridan et al. (1980) using Stark spectrometers in the fre-
quency region from 8 to 40 GHz. In 2011, the investigation
was considerably improved with 315 new lines recorded using
the molecular beam Fourier transform microwave spectrometer
in Aachen and 519 lines recorded using the free jet absorp-
tion Stark-modulated millimeterwave (FJASMmm) spectrome-
ter in Bologna (Tudorie et al. 2011). A newly written program
BELGI-Cs-2Tops based on the Hamiltonian described by
Ohashi et al. (2004) was used to fit the complete data set with
27 molecular parameters, up to J = 19 and Ka = 7. More than
800 new microwave and millimeter-wave measurements were
assigned to the ground-state transitions in methyl acetate and
fit, leading to rms deviations of 4 kHz for the microwave lines
and of 40 kHz for the millimeter-wave lines, i.e., to residuals
essentially equal to the experimental measurement errors. The
heights for two internal rotation barriers were determined to be
of 102 cm−1 for the acetyl CH3 internal rotor and of 422 cm−1 for
the ester CH3. As the theoretical background and code presently
used have been extensively described by Tudorie et al. (2011),
we will summarize here only the main characteristics.
The BELGI-Cs-2Tops program is restricted to (1) asymmetric
top molecules containing two non-equivalent CH3 internal
rotors, and (2) molecules belonging to the Cs point group at
equilibrium. This code is most closely related to a code used only
once in the literature for a treatment of the microwave spectrum
of the molecule N-methylacetamide [CH3–NH–C(=O)–CH3]
(Ohashi et al. 2004) although some differences exist as detailed
in Tudorie et al. (2011).
The torsional and rotational Hamiltonian is diagonalized in
separate symmetry blocks, each characterized by one of the
five (σ1, σ2) pairs, where σ1 and σ2 designate the symmetry
indicators for each of the A and B tops. We follow the notation
used in Table 1 of Ohashi et al. (2004), i.e., we have for the
five symmetry species: σ1 = 0, σ2 = 0, AA species (A1 or
A2 in the G18 permutation-inversion group of the molecule);
σ1 = ±1, σ2 = 0, EA species (E1); σ1 = 0, σ2 = ±1,
AE species (E2); σ1 = ±1, σ2 = ∓1, EE species (E3); and
σ1 = ±1, σ2 = ±1, EE species (E4). The higher barrier
hindering the ester methyl group internal rotation (422 cm−1)
corresponds to the smaller splittings between the AA and the
E2 lines, whereas the lower barrier (102 cm−1) hindering the
acetyl methyl group is responsible for the larger splittings
between the AA and the E1 lines. The splittings between the
E3 lines and the E4 lines are due to the coupling between the
two tops. Statistical weights for methyl acetate are 16, 16, 16,
8, and 8 for the A1 or A2 (AA), E1 (AE), E2 (EA), E3, and
3 http://www.iram.fr/IRAMFR/GILDAS
E4, respectively (Ohashi et al. 2004). The zero-point energies
for the J = K = 0 levels are 99.9450 cm−1, 99.9551 cm−1,
101.0947 cm−1, 101.1047 cm−1, and 101.1049 cm−1 for A, E2,
E1, E3, and E4 species, respectively.
The spectroscopic constants determined from the previous fit
published in Tudorie et al. (2011) are used in the present study to
predict the transition frequencies for the νt = 0 torsional ground
state up to J = 30. Since we did only fit the observed lines in
the laboratory up to J = 19, Ka 6 7, large uncertainties exist
for the higher J and Ka values (we estimate 1σ uncertainties
of 0.1–0.5 MHz for J < 25 and 0.5–2 for 25 6 J 6
30). For the present Letter we also have implemented in the
BELGI-Cs-2Tops the calculation of the intensities using the
same method as described in Hougen et al. (1994) and Kleiner
(2010) for the one-top codes.4 The BELGI-Cs-2Tops code is
written in a quasi-principal-axis-method (PAM) axis system
which can be obtained by a rotation about the c-axis from
the principal axis system (PAM) by the angle θ , as shown in
Equation (9) of Ohashi et al. (2004). The value of θ in methyl
acetate is determined to be −0.0316385(95) radians (Tudorie
et al. 2011). Using the values determined by Sheridan et al.
(1980) in the PAM axis system, we obtain for the components
of the electric dipole moments in the quasi-PAM axis system,
µa = −0.008 D and µb = 1.641 D.
4. RESULTS AND DISCUSSION
The predicted frequencies and intensities, together with the
energy of the levels, have been implemented in the MADEX
code (Cernicharo 2012). Each one of the five states, AA,
AE (E2), EA (E1), EE (E3 and E4), has been considered as
an independent molecular species for the calculation of line
intensities. For the kinetic temperature of Orion levels above
J = 30 could be significantly populated and some lines could
also contribute to the Orion spectrum. The predictions from
our spectroscopic code have, however, large uncertainties for
larger Js (see above). The synthetic spectrum of methyl acetate
was calculated assuming LTE conditions (due to the lack of
collisional rates for this molecule) for a kinetic temperature
of 150 ± 20 K, an LSR velocity of the cloud of 8 km s−1, a
line width of 3 km s−1, and a column density for each state
AA, EA, and AE of (10.4 ± 1.0) × 1014 cm−2, and of (5.2 ±
1.0) × 1014 cm−2 for the E1 and E2 states. Size (15′′) and
offset (7′′) from the pointing position (IRc2) of the compact
ridge component (see Favre et al. 2011; Genzel & Stutzki 1989;
Blake et al. 1987) are taken into account in our model. Beam
dilution is corrected for each line depending on their frequency.
Consequently, the total column density of methyl acetate in
Orion is 4.2 ± 0.5 × 1015 cm−2, which includes a correction
factor to the partition function computed for TK = 150 K and
J 6 30 of 2.6. It includes the torsional excited states (estimated
energies) and rotational levels up to J = 65. Figures 1–3
show selected lines from the best-fit synthetic spectrum to the
Orion data. The full list of detected lines is provided in Table 1
(electronic version), where we list 215 unblended lines as well as
163 lines moderately blended with other species. No unblended
lines of CH3COOCH3 are missing. The detection is fully secure
taking into account that the systematic pattern of the lines arising
from the different states is always present. Lines from νt = 1
could be also detectable as the vibrational partition function
4 The BELGI-Cs code is publicly available at the PROSPE website,
Programs for ROtational SPEctroscopy´, managed by Kisiel at
http://www.ifpan.edu.pl/∼kisiel/prospe.htm.
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Table 1
Detected Lines of CH3COOCH3
J Ka Kc p J ′ K ′a K ′c p′ State Predicted Error Eu Sij µ2 Observed Tmb Blend
Freq. (MHz) (MHz) (K) Freq. (MHz) (K)
13 0 13 12 1 12 E3 82779.635 .012 28.6 31.30 82780.2 0.03 CH3CH2CN
33SO2
13 0 13 12 1 12 E4 82779.725 .012 28.6 31.30 a
13 0 13 12 1 12 EA 82780.026 .012 28.6 31.30 a
13 1 13 12 0 12 E4 82808.862 .012 28.6 31.30 82809.2 0.04 HCOOCH3
νt = 1
13 1 13 12 0 12 E3 82808.881 .012 28.6 31.30 a
13 1 13 12 0 12 EA 82809.267 .012 28.6 31.30 a
13 0 13 12 1 12 AE 82823.351 .012 28.6 31.30 82823.2 0.04
13 0 13 1 12 1 12 1 AA 82823.702 .012 28.6 31.30 a
Notes. Emission lines of CH3COOCH3 present in the spectral scan of Orion KL from the IRAM 30 m radiotelescope. Columns 1–8 indicate the line transition,
Column 9 the state of the molecule, Column 10 the predicted frequency in the laboratory, Column 11 the uncertainty of frequency predictions, Column 12 the upper
level energy, Column 13 the line strength, Column 14 the observed frequency assuming a vLSR of 8 km s−1, Column 15 the mean beam temperature, and Column 16
the blends.
a Blended with previous line.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
indicates that the population of the νt = 1 levels from the two
methyl groups will be a factor 1.5–2 below that of the νt = 0
states. Unfortunately, no accurate predictions are available for
the torsionally excited states.
Ethyl formate has two conformers, trans (also called anti)
and gauche, with the latter being 65 ± 21 cm−1 (94 K) above
in energy (Riveros & Wilson 1967). The gauche conformer
has two possible orientations of the terminal methyl group and,
hence, it could be twice as abundant as the trans conformer if
the energy difference were zero (Belloche et al. 2009). We have
used the spectroscopic laboratory data from Riveros & Wilson
(1967), Meyer & Wilson (1970), and Demaison et al. (1984)
to derive the rotational constants which were incorporated into
the MADEX code. The predictions were checked against the
corresponding entry in the JPL catalog (Pickett et al. 1998).
The trans conformer of ethyl formate was detected in SgrB2
by Belloche et al. (2009) but only upper limits were obtained
for the gauche one. We have identified both conformers in the
line survey of Orion through 90 features free of blending (52
trans and 38 gauche). Selected identified lines are shown in
Figure 4. We found that the gauche conformer has less intense
lines than the trans one for transitions at 3 and 2 mm. However,
at higher frequencies, there are many multiplet transitions of the
gauche that coincide in frequency and they become prominent
in the Orion data. The best fit to the data (assuming the
same physical conditions and source parameter—vLSR, ∆v, size,
and offset—than those used for methyl acetate corresponding
to the compact ridge component of Orion KL) provides a
rotational temperature of 150 ± 20 K, and a column density
for each conformer of (4.5 ± 1.0) × 1014 cm−2, i.e., a total
column density for ethyl formate '5 times below that of
methyl acetate. From the observed abundance ratio between
the trans and gauche conformers, Ngauche/Ntrans ' 1 = 2 ×
e−94/T , we derive a kinetic temperature for the emitting gas of
135 ± 30 K. If the lowest energy conformer of ethyl formate,
the trans one, was formed on the ices before the warm phase
of the cloud, isomerization to the gauche form will require a
high kinetic energy and, perhaps, a long time to overpass the
barrier to isomerization of 550 K (Riveros & Wilson 1967). Our
result points toward a fast equilibrium between both conformers
at 150 K and in a time comparable to the duration of the present
warm phase of the cloud. If the molecule is formed in the gas
phase, the energy liberated in the process could help in the
isomerization process and the observed conformer temperature
will reflect the kinetic temperature of the gas. However, no
chemical paths are included in the present chemical models to
form either ethyl formate or methyl acetate. New laboratory
experiments are needed to understand the way these species
could be formed in gas phase or in ices and how conformers of
the same species can equilibrate at a temperature close to the
kinetic temperature of the gas.
Methyl acetate is probably formed via multiple reaction path-
ways from species detected in hot cores such as methyl formate,
acetic acid, and methanol. In icy grain mantles, methanol is
one of the common molecular components. Acetic acid is a
relatively large molecule that would be difficult to detect in
the ice by IR observations and that could be the precursor of
methyl acetate and ethyl formate. Only formic acid (HCOOH)
has been proposed as a possible carrier of the 7.24 µm band
toward high-mass protostars, while the 7.41 µm band could be
due to the formate ion (HCOO−) and acetaldehyde (CH3CHO),
according to Schutte et al. (1999). Formation of HCOOH on
a surface occurs experimentally at low temperatures, mainly
through hydrogenation of the HO–CO complex (Ioppolo et al.
2011). Other possible formation routes in the ice are via pre-
cursor cations (Woon 2011) or by reactions of superthermal
O(3P ) atoms and CH4 with an overcoat of CO (Madzunkov
et al. 2010). Also photon or electron irradiation of H2O:CO
ice mixtures leads to formation of formic acid among other
products, including methanol in the case of photoprocessing
(Watanabe et al. 2007; Bennett et al. 2011). HCOOH was found
to spontaneously deprotonate when sufficient water is present
to stabilize charge transfer complexes. Both ammonia and wa-
ter can serve as proton acceptors, yielding ammonium (NH+4)
and hydronium (H3O+) counterions (Park & Woon 2006). The
so-formed formate ion (HCOO−) might intervene in the forma-
tion of species like methyl acetate in the ice matrix, but this
was, to our knowledge, not confirmed experimentally. Brouillet
et al. (2013) have recently observed with high angular reso-
lution CH3OCH3 and CH3OCOH toward Orion-IRc2 and con-
clude that the similarity in the spatial distribution of both species
points toward a common precursor. The observation of a similar
abundance for the two conformers of ethyl formate points to
a gas-phase production path rather than to a low-temperature
3
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Figure 1. Selected lines of methyl acetate at 3 mm, CH3COOCH3, toward
Orion-IRc2. The lines from the different states are identified. The continuous
green line corresponds to all lines already modeled in our previous papers (see
the text).
Figure 2. Selected lines of methyl acetate at 2 mm, CH3COOCH3, toward
Orion-IRc2. The lines from the different states are identified. The continuous
green line corresponds to all lines already modeled in our previous papers (see
the text).
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Figure 3. Selected lines of methyl acetate at 1.3 mm, CH3COOCH3, toward
Orion-IRc2. The lines from the different states are identified. The continuous
green line corresponds to all lines already modeled in our previous papers (see
the text).
Figure 4. Selected lines of the trans (red line) and gauche (blue) conformers
of ethyl formate, CH3CH2OCOH, toward Orion-IRc2. The synthetic spectrum
corresponds to the same column density for both conformers (see the text). The
continuous green line corresponds to all lines already modeled in our previous
papers (see the text).
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ice formation mechanism. Radicals such as methoxy (CH3O;
Cernicharo et al. 2012) or CH3CO could play an important role
in the gas-phase chemistry. However, methoxy has been ob-
served only toward cold dark clouds (Cernicharo et al. 2012)
and it is not detected in our line survey of Orion; CH3CO has
not yet been detected in the Interstellar Medium (ISM).
The two conformers of ethyl formate and methyl ac-
etate are isomers of the C3H6O2. Three additional isomers,
propanoic (propionic) acid (CH3CH2COOH), hydroxyacetone
(CH3COCH2OH), and methoxyacetaldehyde (CH3OCH2OH),
could be also present in Orion. The three species are imple-
mented in MADEX. For hydroxyacetone, the available spectro-
scopic data have been summarized by Braakman et al. (2010)
and cover frequencies up to 431.8 GHz (dipole moments from
Kattija-Ari & Harmony 1980). We obtain an upper limit to its
column density of 8×1013 cm−2 (see also Apponi et al. 2006 for
an upper limit to its column density toward SgrB2). For propi-
onic acid and methoxyacetaldehyde, we also obtain upper limits
to their column densities of 1.6 × 1014 and 2 × 1014 cm−2, re-
spectively. We note, however, that frequency predictions above
40 GHz for these two molecular species are rather uncertain
(Stifvater 1975; Ouyang & Howard 2008; Hirano et al. 1987).
Hence, of the known possible non-cyclic isomers of C3H6O2,
methyl acetate appears to be the most abundant one. Laboratory
spectroscopic data are needed for propionic acid and methoxy-
acetaldehyde in order to draw further conclusions on their con-
tribution to the ice mantle and gas-phase chemistry of hot cores,
and to the forest of still unknown spectral features in Orion.
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5.4 Buscando trans etil metil e´ter en Orio´n-KL
El artı´culo que se presenta a continuacio´n trata sobre la bu´squeda de tran etil metil e´ter (tEME,
CH3CH2OCH3) en Orio´n-KL. Debido a la relevancia de los resultados obtenidos, el artı´culo se publico´
como Letter to the Editor en la revista Astronomy and Astrophysics en el an˜o 2015.
Como hemos visto en el artı´culo anterior, la contrapartida con el grupo etilo (CH3CH2−) de una
mole´cula muy abundante en Orio´n como el formiato de metilo (CH3OCOH) fue detectada a trave´s
de sus dos confo´rmeros (trans y gauche formiato de etilo). Esto nos sugerı´a que podrı´amos hallar
nuevas especies saturadas y oxigenadas en Orio´n si busca´bamos la variante con el grupo etilo de aquellas
abundantes con el grupo metilo. Considerando que el dimetil e´ter (CH3OCH3) es una de las especies
ma´s abundantes de la regio´n y de que diversos estudios demuestran que se correlaciona espacialmente
con el formiato de metilo, nos decantamos por la bu´squeda de tEME. Adema´s, al contrario que lo que
ocurrı´a en los tres artı´culos presentados anteriormente, las frecuencias de las transiciones de esta especie
ya habı´an sido publicadas y estaban disponibles para la comunidad cientı´fica. Esto, nos permitı´a realizar
la bu´squeda en Orio´n sin tener que acudir previamente a los laboratorios de espectroscopı´a molecular.
En este caso, y tambie´n a diferencia de lo que vimos en los artı´culos ya presentados, una primera
bu´squeda en el barrido espectral con el telescopio de IRAM de 30 m no aporto´ resultados concluyentes.
No halla´bamos lı´neas ausentes, pero, al tener la especies cinco estados de simetrı´a, el espectro rotacional
debı´a presentar un patro´n que no conseguı´amos diferenciar en los datos del 30 m. La principal razo´n era
por el alto grado de solapamiento y mezcla de lı´neas pertenecientes a distintas especies en el espectro de
esta fuente. Esto supone un serio lı´mite para detectar especies poco abundantes en la regio´n. Por este
motivo, para la bu´squeda de este tipo de mole´culas debı´amos acudir a datos que fueran ma´s sensibles y
que pudieran resolver espacialmente las distintas componentes de la fuente.
Afortunadamente, los primeros datos obtenidos con el interfero´metro ALMA en Orio´n-KL ya se
encontraban disponibles (datos de la verificacio´n cientı´fica de ALMA a 1.3 mm) y nuestra bu´squeda
de tEME usando estos datos resulto´ prometedora. Centra´ndonos en la componente del compact ridge
encontramos un espectro donde las lı´neas no presentan un alto grado de solapamiento (la emisio´n de esta
regio´n se caracteriza por lı´neas estrechas) y conseguimos reproducir los patrones de lı´neas observados
al modelizar la emisio´n de tEME con las condiciones fı´sicas tı´picas de esta componente. A pesar de los
buenos resultados, no pudimos dar esta deteccio´n por definitiva debido, principalmente, a que el limitado
rango de frecuencias de los datos de ALMA SV.
Nuestro ana´lisis de esta mole´cula y de especies relacionadas tambie´n apunta a que tEME esta´ presente
en la regio´n. En este artı´culo, adema´s de realizar modelos con MADEX para tEME y algunos de
sus iso´meros (propanol), creamos mapas con los datos de ALMA para distintas especies oxigenadas
encontradas en Orio´n con grupo metilo y con grupo etilo. Uno de los resultados ma´s relevantes es
la diferenciacio´n espacial de especies que parecı´an pertenecer a una misma ”familia” molecular: las
mole´culas orga´nicas saturadas ricas en oxı´geno. Especies como etanol (CH3CH2OH) presentan el
ma´ximo de emiso´n en la regio´n del hot core mientras que tEME o formiato de etilo presentan este
ma´ximo en el compact ridge. Este resultado apunta hacia una diferencia en los precursores de estas
especies y advierte de la peligrosa simplificacio´n que puede efectuarse al asumir que las especies que
presentan ciertas caracterı´sticas comunes tengan un origen tambie´n comu´n en la regio´n.
En las siguientes pa´ginas mostramos el artı´culo y remitimos al lector al mismo para que pueda
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encontrar las explicaciones detalladas de esta investigacio´n.
Para seguir la misma estructura que en la presentacio´n de las publicaciones anteriores, las Tablas A.1,
A.2 y A.3 de este artı´culo se mostrara´n en el Ape´ndice D.
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ABSTRACT
We report on the tentative detection of trans ethyl methyl ether (tEME), t-CH3CH2OCH3, through the identification of a large number
of rotational lines from each one of the spin states of the molecule towards Orion KL. We also search for gauche-trans-n-propanol,
Gt-n-CH3CH2CH2OH, an isomer of tEME in the same source. We have identified lines of both species in the IRAM 30 m line survey
and in the ALMA Science Verification data. We have obtained ALMA maps to establish the spatial distribution of these species.
Whereas tEME mainly arises from the compact ridge component of Orion, Gt-n-propanol appears at the emission peak of ethanol
(south hot core). The derived column densities of these species at the location of their emission peaks are ≤(4.0 ± 0.8) × 1015 cm−2
and ≤(1.0± 0.2)× 1015 cm−2 for tEME and Gt-n-propanol, respectively. The rotational temperature is ∼100 K for both molecules. We
also provide maps of CH3OCOH, CH3CH2OCOH, CH3OCH3, CH3OH, and CH3CH2OH to compare the distribution of these organic
saturated O-bearing species containing methyl and ethyl groups in this region. Abundance ratios of related species and upper limits
to the abundances of non-detected ethers are provided. We derive an abundance ratio N(CH3OCH3)/N(tEME)≥ 150 in the compact
ridge of Orion.
Key words. ISM: abundances – ISM: clouds – ISM: individual objects: Orion KL – ISM: molecules – radio lines: ISM – surveys
1. Introduction
The spectral millimeter-wave survey of Orion KL carried out
with the IRAM 30 m radio telescope (Tercero et al. 2010;
Tercero 2012) showsmore than 15 400 spectral features of which
about 11 000 have been identified and attributed to 50 molecules
(199 different isotopologues and vibrational modes). To date,
there have been several works based on these data. As the re-
sult of a fruitful collaboration with spectroscopy laboratories,
3000 previously unidentified lines have been assigned to new
species in the interstellar medium (ISM). We have detected in
space 16 new isotopologues and vibrationally excited states of
? This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2011.0.00009.SV. ALMA is a partnership of
ESO (representing its member states), NSF (USA), and NINS (Japan)
with NRC (Canada), NSC, and ASIAA (Taiwan), and KASI (Republic
of Korea), in cooperation with the Republic of Chile. The Joint ALMA
Observatory is operated by ESO, AUI/NRAO, and NAOJ. This work
was also based on observations carried out with the IRAM 30-m tele-
scope. IRAM is supported by INSU/CNRS (France), MPG (Germany),
and IGN (Spain).
?? Appendix A is available in electronic form at
http://www.aanda.org
abundant molecules in Orion for the first time (Demyk et al.
2007; Margulès et al. 2009, 2010; Carvajal et al. 2009; Tercero
et al. 2012; Motiyenko et al. 2012; Daly et al. 2013; Coudert
et al. 2013; Haykal et al. 2014; López et al. 2014) as well as
four new molecules (Tercero et al. 2013; Cernicharo et al. 2013;
Kolesniková et al. 2014). These identifications reduce the num-
ber of unidentified lines and mitigate line confusion in the spec-
tra. Nevertheless, many features still remain unidentified and
correspond to new species that we have to search and identify.
Formates, ethers, acetates, alcohols, and cyanides are the best
candidates for this purpose in Orion.
The recent search for trans ethyl methyl ether (tEME) in se-
lected hot cores (Sgr B2(N-LMH) and W51 e1/e2) by Carroll
et al. (2015) only provides upper limits to tEME. Hence, the re-
sults from that work do not confirm the previous tentative identi-
fication of this species by Fuchs et al. (2005) towardsW51 e1/e2.
A systematic line survey with most weeds removed permits
us to address the problem of the abundances of isomers and
derivatives of key species, such as methyl formate (A. López
et al., in prep.), through combined IRAM and ALMA studies.
In this Letter, we report on the tentative detection of tEME
towards the compact ridge (CR) of Orion KL. We have detected
emission of features arising from the five spin states at 3, 2, and
Article published by EDP Sciences L1, page 1 of 43
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1mm with the IRAM 30 m telescope and the ALMA interfer-
ometer. In addition, several unidentified lines of these data have
been identified as belonging to the gauche-trans conformer of
n-propanol (an isomer of tEME). ALMA maps of organic sat-
urated O-bearing species containing methyl, ethyl, and propyl
groups, abundance ratios of related species, and upper limits to
the column densities of non-detected ethers are presented and
discussed in Sect. 4.
2. Observations
IRAM 30 m: new data of the IRAM 30 m telescope, which
complement and improve those of Tercero et al. (2010), were
collected in August 2013 and March 2014 towards Orion KL
(see Tercero et al. 2010 and López et al. 2014, for information
about the previous data set). Frequencies in the ranges 80.7−116,
122.7−161.2, 199.7−291.0, 291.4−306.7GHz, were observed
with the EMIR receivers connected to the FFTS (200 kHz of
spectral resolution) spectrometers. We pointed towards IRc2
source at α2000.0 = 5h35m14.s5, δ2000.0 = −5◦22′30.′′0, cor-
responding to the survey position (see Sect. 4). We observed
an additional position to target the CR: α2000.0 = 5h35m14.s3,
δ2000.0 = −5◦22′37.′′0 (see Sect. 4). The observations were per-
formed using the wobbler switching mode with a beam throw
in azimuth of ±120′′. The intensity scale was calibrated using
the atmospheric transmission model (ATM, Cernicharo 1985;
Pardo et al. 2001). Focus and pointing were checked every 1−2 h
on planets or nearby quasars. System temperatures were in the
range of 100−800K from the lowest to highest frequencies. Half
power beam width (HPBW) ranged from 31′′ to 8′′ from 80
to 307GHz (HPBW[arcsec]= 2460/Freq.[GHz]). The data were
reduced using the GILDAS package1.
ALMA SV: the ALMA Science Verification (SV) data2 were
taken in January 2012 towards the IRc2 region in Orion. The ob-
servations were carried out with 16 antennas of 12m in Band 6
(213.715–246.627GHz). The primary beam was '27′′. Spectral
resolution was 0.488MHz corresponding to a velocity resolution
of 0.64 km s−1. The observations were centred on coordinates:
αJ2000 = 05h35m14.s35, δJ2000 = −05◦22′35.′′00. The CASA soft-
ware3 was used for initial processing and then the visibilities
were exported to the GILDAS package. The line maps were
cleaned using the HOGBOM algorithm (Högbom 1974). The
synthesized beam ranged from 2.′′00 × 1.′′48 with a PA of 176◦
at 214.0GHz to 1.′′75 × 1.′′29 with a PA of 164◦ at 246.4GHz.
The brightness temperature to flux density conversion factor is
9K for 1 Jy per beam.
3. Results
3.1. Search for trans ethyl methyl ether
ALMA SV data: frequency predictions from Fuchs et al. (2003)
and dipole moments measured by Hayashi & Kuwada (1975)
of tEME were implemented in MADEX (Cernicharo 2012) to
model the emission of this species and search for it towards
Orion KL. Using the ALMA SV data, we extracted the aver-
aged spectrum over 5× 5 pixels (1′′ × 1′′) around the CH3OCH3
emission peak of the CR component (Position A; see Sect. 4).
The advantage of ALMA with respect to single dish telescope
data (see below) is the drastic reduction of the confusion limit.
1 http://www.iram.fr/IRAMFR/GILDAS
2 http://almascience.eso.org/almadata/sciver/
OrionKLBand6/
3 http://casa.nrao.edu
Fig. 1. Selected lines of trans ethyl methyl ether, t-CH3CH2OCH3, to-
wards Orion KL detected with the ALMA interferometer in Position A
(see text). A vLSR of +7.5 km s−1 is assumed.
The ALMA SV data show the presence of tEME as shown in
Fig. 1 (selected lines) and Fig. A.1 (all lines favourable for de-
tection (corresponding to b-type transitions with upper level en-
ergies up to 300K and large line strenghts, S i j ≥ 1) present
in the ALMA SV frequency range). The model that best fits
the data is shown with the red line. The assumed parameters
are a source size of 3′′, vLSR = +7.5 km s−1, ∆v = 2.0 km s−1,
and TK = 100 ± 20K. Using MADEX and assuming local
thermodynamic equilibrium (LTE), we obtain Ng.s.(tEME) ≤
(4.0± 0.8) × 1015 cm−2. In our models, rotation temperature and
column density values are given with their corresponding uncer-
tainty and we obtained them by fitting all available lines by eye.
We adopted the source size in agreement with the emission of
the maps (see below). In addition, a considerable number of un-
blended features allows us to fix the radial velocities and line
widths. According to our model, in the ALMA frequency range
only 33% of the detectable lines of tEME (102 lines) are to-
tally hidden by the emission of stronger lines of other species.
At least 46 lines (45% of the detectable lines) shown in Fig. A.1
are free of blending, i.e. these lines are present at the expected
radial velocity and there are no other species with significant in-
tensity at the same observed frequency (±3 MHz). Another point
to ensure this tentative detection is that the forest of lines emit-
ted by tEME between 215.5 and 215.7 GHz is not covered by
lines of abundant molecules in the source allowing the detection
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of several lines that follow a straightened pattern (see Fig. 1).
Hence, there are several clues that could reveal the presence of
this species in the CR of OrionKL, but further analysis exploring
new available ALMA data and modelling all the molecular con-
tent of the CR is needed to give the definitive detection in space
of tEME. TableA.1 gives line parameters and blends of all lines
of favourable transitions in the ALMA SV data. The spatial dis-
tribution of tEME is shown in Fig. 2. Lines that we found to be
unblended at the Position A appear blended with emission from
other components in the averaged spectrum (see the case of the
30 m data). We selected a line at 245.274 GHz, which is mixed
with some emission from extreme velocities of 34SO2 and SO2.
Nevertheless, the emission of tEME at Position A in Fig. 2 is not
blended (see Sect. 4).
IRAM 30 m data: to search for tEME in the IRAM data,
a synthetic spectra of tEME (red curve in Fig. A.2) was ob-
tained with MADEX assuming LTE and adopting the follow-
ing physical parameters: source diameter 3′′, TK = 100 ± 30K,
vLSR = +7.5 km s−1, ∆v = 1.5 km s−1; and a column density of
(9±3)×1015 cm−2 for the ground state (g.s.) of tEME. According
to our model, all favourable lines for detection in the 30 m data
were detected or were blended with features from more abun-
dant species. Nevertheless, owing to the weakness of the features
(TMB < 0.1K at 3 mm, TMB < 0.2K at 2mm, and TMB < 1K
at 1.3−0.9mm) and the high level of line confusion at ∼1mm,
only a few lines were mostly free of blending with other species
in this domain. Whereas the synthetic beam of the ALMA SV is
1.′′90 × 1.′′40, in the 30 m the beam diameter ranging from 30′′
to 8′′. Therefore, in the 30 m data, the spectrum is a mix of all
molecules from all source components (average spectrum over
the beam) given rise to a high level of line blending and line
confusion. TableA.2 shows line parameters, intensity provided
by the model, and blends of all lines of favourable transitions in
the 30 m data.
3.2. Search for gauche-trans-n-propanol
All lines of Gt-CH3CH2CH2OH, an isomer of C3H8O (as well
as tEME), reported by Maeda et al. (2006) and the dipole mo-
ments from Abdurakhmanov et al. (1969) were used to de-
rive its rotational constants and to implement this species in
MADEX. We conducted the search for Gt-n-propanol in the
ALMA SV data at two different positions: Position A and the po-
sition where the emission peak of ethanol is located (Position B;
see Sect. 4). We assign several unidentified lines in the source at
Position B to this species. According to our model (dsou = 3′′,
vLSR = +8.0 km s−1, ∆v = 3.0 km s−1, TK = 100 ± 20K, and
Ng.s ≤ (1.0 ± 0.2) × 1015 cm−2), many of the lines are below
the detection limit although the strongest features are detected.
Unfortunately, several lines remain blended (see Fig. A.3). A
few lines of this species are also detected in the IRAM 30 m
data at the survey position (Fig. A.2 bottom panel; model pa-
rameters: dsou = 3′′, vLSR = +8.0 km s−1, ∆v = 1.5 km s−1,
TK = 100± 20K, and Ng.s ≤ (2.0± 0.4)× 1015 cm−2). TableA.3
shows line parameters for the detected lines. The derived upper
limit to its column density (assuming the same physical param-
eters than those of the tEME ALMA model) at Position A is
≤(3.0 ± 0.6) × 1014 cm−2. The spatial distribution of this species
around Position B is shown in Fig. 2. To perform the ALMA
map, we averaged the emission between vLSR 6 and 9 km s−1 of
two lines (lines at 236.138 and 244.765GHz). Emission around
source I should be due to other less abundant species in Orion
(we did not find Gt-n-propanol at these positions).
Fig. 2. ALMA maps of organic saturated O-bearing molecules in
Orion KL which have been detected containing both the methyl and
the ethyl group, as well as a map of Gt-n-propanol and a continuum
map at the central frequencies of the ALMA S V band (∼230GHz).
Emission that probably arises from blended species in these maps is
confined inside red rectangles. The yellow ellipse at the top left corner
of the maps represents the ALMA synthetic beam. Triangle symbol:
IRAM 30 m “survey position” (see Sect. 2). Cross symbol: IRAM 30 m
compact ridge position (see Sect. 2). Position A: compact ridge (coordi-
nates α2000.0 = 5h35m14.s1, δ2000.0 = −5◦22′37.′′9). Position B: south hot
core (coordinates α2000.0 = 5h35m14.s4, δ2000.0 = −5◦22′34.′′9).
4. Discussion
Species containing the functional groups formate, alcohol, and
ether have been detected in Orion with both the methyl and ethyl
groups (methyl formate (MF), ethyl formate (EF), methanol,
ethanol, dimethyl ether (DME), and tEME). ALMA maps for
the spatial distribution of these species as well as Gt-n-propanol
are shown in Fig. 2. To address the flux filtered out by ALMA
and the accuracy of the maps in a larger energy range, the fol-
lowing discussion is also based on the maps shown in Fig. 5
of Feng et al. (2015; maps performed mixing SMA and IRAM
30 m data) with MF, DME, methanol, and ethanol. For MF,
DME, and methanol the spatial distribution and the position of
the emission peaks are in agreement with those of the maps pre-
sented in this work (note, however, that the ALMA maps pro-
vide a more detailed structure at small scales, i.e. ≤5′′). For
ethanol, we note a more extended spatial distribution in the map
of Feng et al. (2015) mostly due to the lower energy of the tran-
sition involved. Nevertheless, the emission peak of ethanol is
located at the same position.
For the methyl species, we note: i) a rather similar spatial
structure: the three species present the V shape distribution of
several clumps (at least six) studied by Favre et al. (2011) for
the distribution of MF, which was mapped using data from the
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Table 1. Column densities and ratios.
Species Ng.s. (×1015) [cm−2] N Ratio
CH3OCH3 (DME) 600 ± 120a,b
CH3CH2OCH3 (tEME) ≤4.0 ± 0.8a DME/tEME≥ 150
CH3CH2OCH2CH3 ≤1.0 ± 0.2a DME/Tt-DEE≥ 600
(Tt-DEE)† tEME/Tt-DEE≥ 4
CH3OCHCH2 ≤0.5 ± 0.1a DME/cis-MVE≥ 1200
(cis-MVE)†† tEME/cis-MVE≥ 9
CH3OCOH (MF) 240 ± 50a,b,c
CH3CH2OCOH (EF) 2.0 ± 0.4a,d MF/EF' 120
CH3OH (MetOH) 2700 ± 500b,e, f
CH3CH2OH (EtOH) 60 ± 10b,d,e MetOH/EtOH' 45
Gt-CH3CH2CH2OH 1.0 ± 0.2e MetOH/PropOH' 2700
(PropOH) EtOH/PropOH' 60
Notes. (†) trans-trans diethyl ether. (††) cis methyl vinyl ether.
(a) Position A; same physical parameters of the ALMA tEME model
(see Sect. 3.1). (b) Three kinetic temperatures: 50 ± 10, 150 ± 30, and
250 ± 75K. (c) b type lines fitted (a type lines are optically thick); an-
other component has been included to properly fit the observed line
profiles (vLSR =+9 km s−1, ∆v= 4 km s−1, TK = 150 ± 30 K, Ng.s =
(1.0 ± 0.2) × 1017 cm−2). (d) trans+gauche. (e) Position B; assuming
the same physical parameters of the ALMA Gt-n-propanol model (see
Sect. 3.2). ( f ) 12C/13C= 45 (Tercero et al. 2010).
Plateau de Bure Interferometer (PdBI); ii) that althoughBrouillet
et al. (2013) probed a striking similarity between the spatial dis-
tributions of CH3OCH3 and CH3OCOH, we found some differ-
ences in the relative intensities of both species. These differences
could be mostly due to different excitation temperatures of the
involved transitions; and iii) although methanol also follows this
V shape structure, a displacement of the intensity peaks is ob-
served with respect to MF. This behaviour suggests methanol as
a possible precursor of MF and DME (see also Neill et al. 2011).
Comparing the methyl and ethyl species, we note: i) a re-
duced spatial distribution of the three ethyl species with respect
to their methyl counterpart; ii) the two emission peaks of EF
are correlated with those found in MF; iii) the emission peak
of tEME is at the same position as the DME peak at the CR
(Position A); and iv) the emission peak of ethanol (Position B)
is displaced 2′′ south-west from the methanol peak.
Concerning the ethyl and propyl species, we note: i) a close
correlation between EF and tEME; and ii) ethanol also presents
a “V” shape structure (see Fig. 5 of Feng et al. 2015) with the
bulk of the emission located away from the CR and coincid-
ing with that of Gt-n-propanol. The ethanol/propanol peak is
displaced 1.′′5 south from the ethylene glycol (CH2OH)2 peak
(Brouillet et al. 2015), which is a double alcohol and we could
naively expect to have the same spatial distribution. Whereas
the ethylene glycol peak corresponds to the 13CH3OH peak, the
ethanol/propanol peak is the same as that of deuterated methanol
(CH2DOH; see Peng et al. 2012).
Table 1 shows derived column densities and ratios for
related species. The derived ratios and the spatial distribution of
these molecules suggest important gas phase processes after the
evaporation of the mantles of dust grains in hot cores. Possible
reactions of the methoxy radical (CH3O), detected recently in
space (Cernicharo et al. 2012), with other species could lead to
the increase of chemical complexity in hot cores and hot corinos
(Balucani et al. 2015). The spatial stratification of the different
species also suggests the time dependent effects on the chem-
istry of the gas. The detection of the less stable isomers of some
species (Tercero et al. 2013) also points in this direction.
To summarize, a combined IRAM 30 m and ALMA SV data
study allows us to provide a solid starting point to assess the
identification of tEME in the ISM. In addition, some unidentified
lines in the source have been assigned to another C3H8O isomer,
Gt-n-propanol. ALMA maps show different spatial distributions
for these species. Whereas tEME seems to mainly arises from
the CR component (as well as EF) (Position A), emission from
Gt-n-propanol could be located at the south hot core (at the same
position as the emission peak of ethanol) (Position B). The CR
is no longer the main host of all organic saturated O-bearing
species in Orion (see also Peng et al. 2013, for the spatial distri-
bution of acetone and A. López et al., in prep. for the acetic acid
emission).
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Appendix A: Online figures and tables
Fig. A.1. Lines of trans ethyl methyl ether, t-CH3CH2OCH3, towards Orion KL detected with the ALMA interferometer in Position A (see text).
(**): Features blended with SO (see Table A.1; artifacts in the spectrum due to the cleaning process). A vLSR of +7.5 km s−1 is assumed.
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Fig. A.2. Top panel: selected lines of trans ethyl methyl ether, t-CH3CH2OCH3, towards Orion KL detected with the IRAM 30 m telescope. Data
in the frequency range 124−151GHz are those of the survey position. From 201 to 293.5GHz the data are those of the CR (see Sect. 2), where
the emission peak of organic saturated O-rich species such as dimethyl ether (CH3OCH3) and methyl formate (CH3OCOH) is located (Favre et al.
2011; Brouillet et al. 2013). A vLSR of +7.5 km s−1 is assumed. Bottom panel: selected lines of gauche-trans-n-Propanol, Gt-n-CH3CH2CH2OH,
towards Orion KL detected with the IRAM 30 m telescope. A vLSR of +7.5 km s−1 is assumed.
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Fig. A.3. Lines of gauche-trans-n-propanol, Gt-n-CH3CH2CH2OH, towards Orion KL detected with the ALMA interferometer in Position B (see
text). A vLSR of +8 km s−1 is assumed.
L1, page 7 of 43
Capı´tulo 5: Trabajos publicados 141
5.5 Iso´meros de C2H4O en Orio´n-KL: Formiato de metilo, ´Acido ace´tico
y Glicolaldehı´do. Una visio´n de conjunto de ALMA y de IRAM 30 m
En esta seccio´n presentamos el borrador de un artı´culo en el que estoy actualmente trabajando. En
los siguientes meses sera´ enviado a la revista Astronomy and Astrophysics. Hemos decidido seguir con
el formato de publicacio´n pues el trabajo esta´ realmente avanzado. Todos los resultados relevantes esta´n
contenidos en el borrador y presentados siguiendo los esta´ndares de las publicaciones que hemos visto
ya en esta tesis.
En este trabajo analizamos la emisio´n en Orio´n-KL de tres iso´meros que siguen la fo´rmula C2H4O
usando los datos de ALMA y de IRAM 30 m. Como hemos apuntado ya, estudiar la emisio´n de distintos
iso´meros en la regio´n nos proporciona pistas importantes sobre los mecanismos de produccio´n de estas
especies.
Uno de estos iso´meros es el formiato de metilo (CH3OCOH), mole´cula muy abundante en regiones de
formacio´n estelar y de la que ya hemos hablado ampliamente. Los otros dos iso´meros estudiados son el
a´cido ace´tico (CH3COOH) y el glicolaldehı´do (CH2OHCHO). Ambas especies habı´an sido detectadas
en otras regiones de formacio´n estelar, por ejemplo, en Sgr B2. Aquı´ son detectadas por primera vez en
Orio´n-KL. Adema´s, detectamos los dos primeros estados vibracionalmente excitados del a´cido ace´tico
por primera vez en el espacio. Merece la pena destacar que el formiato de metilo es varios o´rdenes de
magnitud ma´s abundante que los otros dos iso´meros au´n sin ser la especie energe´ticamente ma´s estable.
Como en los artı´culos previos, mediante el ana´lisis de toda la emisio´n en conjunto y con la construccio´n
de modelos adecuados, hemos conseguido determinar de manera precisa las condiciones fı´sicas de las
distintas componentes responsables de la emisio´n.
El resultado ma´s impactante de este estudio es la diferente distribucio´n espacial de estas especies en
la regio´n. Mientras que el ma´ximo de emisio´n de formiato de metilo aparece en la regio´n del compact
ridge, tal y como hemos visto previamente, sus iso´meros presentan emisio´n casi exclusivamente en el
hot core. Este resultado puede relacionarse con la diferencia espacial entre distintas especies orga´nicas
oxigenadas en la regio´n que vimos en el artı´culo anterior. Esto nos llevo´ a analizar los trabajos de
este tipo de especies que han sido publicados usando datos interferome´tricos. El estudio conjunto de
los resultados de este artı´culo con el de los trabajos previos, nos llevo´ a distinguir entre dos grupos de
especies oxigenadas saturadas en la regio´n. En principio, la diferencia es simple: aquellas cuyo ma´ximo
de emsio´n se encuentra en el compact ridge y aquellas cuyo ma´ximo se encuentra en el hot core. Sin
embargo, hemos advertido diferencias estructurales significativas entre las mole´culas que pertenecen a
cada grupo que nos llevan a proponer distintos precursores para estas especies: el radical hidroximetilo
(−CH2OH) para las especies presentes en el hot core y el radical metoxi (CH3O−) para las especies con
el ma´ximo de emisio´n en el compact ridge.
Es interesante destacar que estos dos radicales son iso´meros entre sı´. Esto apunta de nuevo a la
importancia de estudios donde se analice la emisio´n de distintas variantes iso´meras. En los siguientes
meses queremos profundizar en esta investigacio´n. En colaboracio´n con expertos en quı´mica del medio
interestelar y en astrofı´sica de laboratorio, trataremos de averiguar las condiciones fı´sicas que puedan
favorecer la evaporacio´n de uno u otro radical de los mantos del polvo.
Sin ma´s, pasamos a presentar la actual versio´n del artı´culo. Quiero advertir de que au´n sin estar
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totalmente terminado, los contenidos son consistentes y puede ser leı´do como un todo.
Las Tablas B.2-B.8 de este artı´culo sera´n incluidas en el Ape´ndice E. Como en los artı´culos anteriores,
se trata de las tablas donde se muestra la identificacio´n de las lı´neas y los para´metros espectrosco´picos
y observacionales de las mismas. Te´ngase en cuenta que la Tabla B.1 y el Ape´ndice C contenidos en el
artı´culo son mostrados en esta parte de la tesis.
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C2H4O2 isomers in Orion KL: Methyl formate, Acetic acid, and
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ABSTRACT
Emission from three functional isomers according to the C2H4O2 formula −methyl formate (CH3OCOH), acetic acid (CH3COOH),
and glycolaldehyde (CH2OHCHO)− has been studied in Orion KL using the ALMA Science Verification data (213.7−246.7GHz)
and the IRAM 30m data (80−307GHz). The high spatial resolution provided by the ALMA data allows us to set out the different
cloud components involved in the emission of these species. This information is very valuable to model in an accuracy way all lines
of these species detected with the 30m in a wide range of frequencies. Thus the physical parameters derived from this model are
highly constrained. In addition, we propose that the differences in the spatial distribution of these isomers is due to different precursos
ejected from the grain mantles.
Key words. ISM: abundances – ISM: molecules – Line: identification – Radio lines: ISM – Stars: formation
1. Introduction
Many of the lines observed from Orion KL, the nearest re-
gion at 418±6 pc (Kim et al. 2008) of on-going high-mass
star formation, in the (sub)-millimeter range come from sev-
eral complex organic molecules (COMs) which have a com-
mon feature (internal rotation of the methyl group) that involves
spectra with a great number of rotational transitions. This fea-
ture is presented in abundant molecules such as methyl formate
[hereafter MF] (CH3OCOH), dimethyl ether (CH3OCH3), and
methanol (CH3OH), among others. High-mass star-forming pro-
cesses (radiation of the newly born stars, outflows, in-fall mo-
tions, accretion disks) interact with the surrounding given rise
to a large variety of COMs in the region. Molecules as complex
as methyl acetate (CH3COOCH3) and trans ethyl methyl ether
(t-CH3CH2OCH3) have been detected in this source (Tercero et
al. 2015; Tercero et al. 2013).
MF is the most abundant between its isomers, acetic acid
[hereafter AA] (CH3COOH) and glycolaldehyde [hereafter
GLY] (CH2OHCHO), in the interstellar medium (ISM), spe-
? Appendix A (online Figures) and Appendix B (online Tables) are
only available in electronic form at http://www.aanda.org.
?? The 3 and 2 mm survey of Orion KL is available at the CDS.
??? This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2011.0.00009.SV. ALMA is a partnership of
ESO (representing its member states), NSF (USA) and NINS (Japan),
together with NRC (Canada), NSC and ASIAA (Taiwan), and KASI
(Republic of Korea), in cooperation with the Republic of Chile. The
Joint ALMA Observatory is operated by ESO, AUI/NRAO and NAOJ.
This work is also based on observations carried out with the IRAM
30-meter telescope. IRAM is supported by INSU/CNRS (France),
MPG (Germany), and IGN (Spain).
cially in star-forming regions (SFRs) (see e.g. Burke et al. 2015;
Mehringer et al. 1997; Hollis et al. 2000). MF (ester functional
group), AA (carboxyl and hydroxyl groups), and GLY (hydroxyl
and aldehyde groups) represent the diversity of organic func-
tional groups found in the ISM. The simplest aldose, GLY, could
be implicated in the formation of a more complex sugar con-
stituent of RNA (ribonucleic acid), i.e. ribose (C5H10O5) (Hollis
et al. 2000). Likewise, AA could be involved in the generation of
glycine (NH2CH2COOH, aminoacetic acid), the smallest amino
acid found in the proteins, through its relationship with glycinal
(NH2CH2CHO) (Garrod 2013). AlthoughMF has not a direct re-
lation with molecules of biological interest (Burke et al. 2015),
the high abundance of MF in SFRs is a matter under discussion,
also due to the fact that AA is the most stable species (Dickens
et al. 2001) between the three isomers.
MF has been found in a large variety of astrophysical en-
vironments, being ubiquitous in SFRs. Since its first detection
in 1975 by Brown and collaborators (Brown et al. 1975) until
now, CH3OCOH has been the subject of many studies. For in-
stance, Favre et al. (2011; 2014) have studied the emission of
MF and its 13C isotopologues in Orion KL using PdBI (Plateau
de Bure Interferometer) and ALMA (Atacama Large Millimeter
Array) data. Although many clumps are involved in the emission
of these species, these works have demonstrated that the com-
pact ridge (CR) is the main host of MF in the source. In addi-
tion, the rotational levels of low-energy torsional states of many
COMs are excited under the physical conditions of the source
(see e. g. Lo´pez et al. 2014). Kobayashi et al. (2007) and Takano
et al. (2012) reported the first detection of MF in its 3t = 1 and
3t = 2, respectively, for the first time in space towards Orion KL.
Recently, Sakai et al. (2015) have studied the spatial distribution
of these species using the ALMA data.
1
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Many of the unidentified lines (U-lines) in spectral line sur-
veys, such as those of Sgr B2 and Orion KL, were due to
CH3OCOH in its torsional excited states and some of its iso-
topologues (Carvajal et al. 2009; Margule´s et al. 2010; Tercero
et al. 2012; Coudert et al. 2013; Haykal et al. 2014). Moreover,
the study of the isotopologue species provides the isotopic abun-
dances in the astrophysical environment, as well as column den-
sities from the analysis of optically thin lines.
Spectroscopic analysis in the laboratory is essential prior to
identification of such COMs in space. The rotational spectrum of
MF has been studied by Curl (1959), Bauder (1979), Demaison
et al. (1983), Plummer et al. (1984; 1986), Oesterling et al.
(1999), Karakawa et al. (2001), Ogata et al. (2004), Carvajal et
al. (2007), and Ilyushin et al. (2009). The rotational spectrum
of methyl formate in its first torsional excited state (3t = 1) was
studied by Odashima et al. (2003), Ogata et al. (2004), Carvajal
et al. (2007), and Ilyushin et al. (2009). Maeda et al. (2008) as-
signed many other lines of MF to the first excited state, and also
included the spectroscopic analysis of the second torsional ex-
cited state (3t = 2). Later, Kobayashi et al. (2013) extended the
number of assignments in the laboratory for both states A and E
of 3t=2 MF below 120GHz.
AA was firstly detected towards the SFR Sgr B2(N-LMH)
by Mehringer et al. (1997). After that, this species has been
also found in other hot molecular cores (HMCs) (w51e2,
Remijan et al. 2002; G34.3+0.15, Remijan et al. 2003; and
G19.61−0.23, Shiao et al. 2010), and in the low-mass protostar
IRAS16293−2422 (Cazaux et al. 2003).
The rotational spectrum of CH3COOH has been studied by
Tabor (1957), Krishiel & Saegebarth (1971), van Eijck et al.
(1981), Demaison et al. (1982), Wlodarczak & Demaison (1988)
Ilyushin et al. (2001; 2008; 2013). The A-E substates frequency
differences are very large leading to a hard laboratory work in the
assignments for the doublet transitions (Krishiel & Saegebarth
1971). The first and second torsional excited states have been
studied in the laboratory by van Eijck & van Duijneveldt (1983),
and Ilyushin et al. (2001; 2003; 2008; 2013). The energies of
these torsional states are only about 110 and 200K (for 3t = 1
and 3t = 2, respectively) above the ground state (g.s.) suggesting
their feasible detection in hot cores.
The other C2H4O2 isomer, GLY, was detected for the first
time in Sgr B2(N) by Hollis et al. (2000). After that, this species
has also been identified in the hot molecular core G31.41+0.31
(Beltra´n et al. 2009), in the surrounding of the young binary sun-
like star IRAS 16293−2422 (Jørgensen et al. 2012), and in the
solar-type protostar NGC 1333 IRAS2A (Coutens et al. 2015).
Spectroscopic studies of GLY were firstly conducted by
Michelsen & Klaboe (1969) and Marstokk & Møllendal (1970).
More recently, these works have been carried out by Butler et al.
(2001), Widicus Weaver et al. (2005) (including the three first
vibrationally excited states), and Carroll et al. (2010).
In this work we have analyzed the molecular emission of
three C2H4O2 isomers (MF, AA, and GLY) in a combined
ALMA and IRAM (Institut de Radioastronomie Millime´trique)
30m telescope study allowing us to address the chemical and
physical properties of the different cloud components of Orion
KL. We have detected up to the second excited state of MF at
about 350K or 243 cm−1 over the g. s. However, states with
higher energies could be detected when further spectroscopic
analysis would be available. AA has been detected in its g.s. (for
the first time in Orion KL) and in its two first torsional excited
states for the first time in space and GLY has been detected for
the first time in Orion KL.
It was though that organic O-rich molecules emerge mainly
from the CR component of Orion KL, but recently, interfero-
metric studies of the spatial distribution of this kind of species
point out to different regions for their emission (see e. g. Tercero
et al. 2015, Brouillet et al. 2015, Peng et al. 2013 and refer-
ences therein). In this work, ALMA maps of MF, AA, and GLY
have been performed revealing different spatial distributions for
these species. These differences suggest different chemical path-
ways for their formation (see e.g. Burke et al. 2015, Calcutt et
al. 2014).
In this paper, our main goal is to provide an accurate phys-
ical and chemical model of the source for these three isomers,
mapping their emission with ALMA and fitting simultaneously
all lines related with these species that appear in the broad fre-
quency band covered by the IRAM 30m survey. We have divided
this paper as following: Observation procedures are shown in
Sect. 2. Section 3 is focused on the analysis of MF (Sect. 3.1),
AA (Sect. 3.2), and GLY (Sect. 3.3). Discussion and summary
are given in Sect. 4 and Sect. 5, respectively.
2. Observations
2.1. ALMA Science Verification
The ALMA Science Verification (SV) data1 were taken on
January 2012 towards the IRc2 region in Orion. The observa-
tions were carried out with 16 antennas of 12m in the fre-
quency range from 213.715 to 246.627GHz (Band 6). The
primary beam was '27′′. Spectral resolution was 0.488MHz
(' 0.64 km s−1 in the observed frequency range). The obser-
vations were centered on coordinates: αJ2000 = 05
h35m14.s35,
δJ2000 = 05
◦22’35.′′00.
The CASA software2 was used for initial processing, and
then the visibilities were exported to the GILDAS package3
for further analysis. The line maps were cleaned using the
HOGBOM algorithm (Ho¨gbom 1974). The synthesized beam
ranged from 2.′′00×1.′′48 with a PA of 176◦ at 214.0GHz to
1.′′75×1.′′29 with a PA of 164◦ at 246.4GHz. The brightness
temperature to flux density conversion factor is 9K for 1 Jy per
beam. The continuum emission was subtracted in the maps by
carefully selecting line-free channels.
2.2. IRAM 30m
New data of the IRAM 30m telescope were collected in August
2013 and March 2014 towards Orion KL. Frequencies in the
ranges 80.7−116, 122.7−161.2, and 199.7−306.7GHz, were ob-
served with the Eight MIxer Receivers (EMIR) connected to
the Fast Fourier Transform Spectrometers (FFTS, 200 kHz of
spectral resolution) allowing us to cover 16GHz of bandwidth
in each frequency setting. We pointed towards IRc2 source at
α2000.0 = 5
h35m14.s5, δ2000.0 =−5
◦22′30.′′0 corresponding to the
‘survey position’ (see Fig. ??). We observed another position
to target the CR: α2000.0 = 5
h35m14.s3, δ2000.0 =−5
◦22′37.′′0 (see
Fig. ??).
Another set of data using this telescope were observed be-
tween September 2004 and January 2007 with the A, B, C, and D
receivers4 (79.6−115.7, 130.0−176GHz, and 196.7−281GHz)
1 http://almascience.eso.org/almadata/sciver/OrionKLBand6/
2 http://casa.nrao.edu
3 http://www.iram.fr/IRAMFR/GILDAS
4 The reduced data at 3 and 2 mm are available at the CDS. The
data at 1.3 mm are affected by pointing errors at some frequencies and
2
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and pointing towards the ‘survey position’. Backends provided a
spectrum of 1−1.25 MHz of spectral resolution. For further in-
formation about observations and data reduction of this set of
data see Tercero et al. (2010) and Lo´pez et al. (2014).
For both sets of data, the observations were performed us-
ing the wobbler switching mode with a beam throw in azimuth
of ±120′′. The intensity scale was calibrated using the atmo-
spheric transmission model (ATM, Cernicharo 1985; Pardo et
al. 2001a). Focus and pointing were checked every 1−2 hours
on planets or nearby quasars. System temperatures were in the
range of 100−800 K from the lowest to the highest frequen-
cies. Half power beam width (HPBW) ranged from 31′′ to 8′′
from 80 to 307GHz (HPBW[arcsec]=2460/Freq.[GHz]). The
data were reduced using the GILDAS package checking for im-
age sideband contamination and fitting and removing 0−1 order
baselines. Figures are shown in main beam temperature (TMB)
that is related to the antenna temperature (T ∗A) by the equation:
TMB=T ∗A/ηMB, where ηMB is the ratio between the main beam ef-
ficiency (Be f f ) and the forward efficiency (Fe f f ) which depends
on the frequency. For the IRAM 30m telescope, ηMB is 0.85,
0.80, 0.64, and 0.56 at 86, 145, 230, and 280GHz, respectively.
3. Results and data analysis
3.1. Methyl formate (A- and E-CH3OCOH)
The high abundance of CH3OCOH in Orion KL together with
the high values of its electric dipolar moments (µa = 1.63D
and µb = 0.68D) and the existence of low-lying vibrational tor-
sional modes lead a very large density of MF lines in the (sub)-
millimeter domain.
More than 6000 spectral features between 80−306GHz have
been detected in the IRAM 30m survey of Orion KL caused
mainly by MF: 2517 for the g.s., 1593 for the 3t = 1 state, 851
for the 3t = 2, and ∼1050 for the most abundant isotopologues
(Carvajal et al. 2009; Margule´s et al. 2010; Tercero et al. 2012;
Coudert et al. 2013; Haykal et al. 2014).
3.1.1. ALMA SV data: CH3OCOH maps and source
components
To determine the spatial distribution and the cloud components
required to model the methyl formate emission in Orion KL, we
performed velocity and line integrated maps of CH3OCOH using
the ALMA SV data. Figure ?? shows maps of five CH3OCOH
lines free of blending with other species (only the line at
244.073GHz is mixed at 9.8 km s−1 with the extreme blue ve-
locities of another line of MF 3t=1). Transitions with energies of
the upper level from 36.3K to 449.4K have been selected which
include lines in the torsional excited states 3t = 1 and 2. To ad-
dress the uncertainty introduced in these maps by the lack of
short spacings for these data, we compared our results with the
maps shown in Feng et al. (2015) who have analyzed the spatial
distribution of MF combining SMA (Sub-Millimeter Array) and
IRAM 30m data. Although the ALMA maps provide a higher
detail at small scales, we note a similar spatial distribution as
well as the emission peak located at the same position (see Fig. 5
of Feng et al. 2015). Maps of Fig. ?? show similar spatial distri-
bution of MF in all these lines at a given velocity. Sakai et al.
(2015) have recently studied this three states of methyl formate
also with the ALMA SV data obtaining the same result. These
have to be carefully analyzed so these observations are available under
request to B. Tercero.
maps present the V shape distribution of several clumps found
with the PdBI by Favre et al. (2011). However, the ALMA maps
show a clump at 5 km s−1 at the North-East of source n that the
PdBI maps of Favre et al. (2011) did not present. We also note
that the emission at 3-5 km s−1 is relatively more intense at the
West of source I for the lines with larger energies. This could
point out to a warmer region at this position.
We distinguish 10 different clumps of MF emission (see
Fig. 2) contained in this V shape structure mentioned above.
We have named them as (between brackets we add the Favre
et al. 2011 nomenclature if the emission peak of the clump co-
incides with one of those found by these authors): North hot
core (N-HC), Mid hot core (M-HC) [MF6], South hot core (S-
HC) [MF2], South-East compact ridge (SE-CR) [MF3], com-
pact ridge (CR) [MF1], North compact ridge (N-CR), North-
East compact ridge (NE-CR) [MF12], Spherical clump (SC),
South North-South clump (S-NS) [MF4], and North North-
South clump (N-NS) [MF5]. Figure 2 shows the MF lines at the
position of the peak intensity of these clumps. We notice the
large variety of radial velocities at the peak channel, line widths,
and shapes of these lines. In order to characterize the line param-
eters of each clump, we analyzed, by Gaussian fits, the profiles
of the lines corresponding to the five selected MF transitions at
each position given above (see Fig. A.1, only available online).
Table B.1, only available online, shows the coordinates of the
emission peak of these clumps and the observed line parameters.
3.1.2. IRAM 30m data: CH3OCOH model
According to the cloud components unveiled from the ALMA
maps, we performed a model to fit the observed lines with
the IRAM 30m telescope in a wide range of frequencies (80-
307GHz). Figs. 3-5 (in the body of the text) and A.2-A.7 (only
available online) show a sample of selected MF lines covering a
wide range of upper level energies (from 6 to 550K) as well as
both a and b-type transitions of the ground state (g.s.) and the
first and second torsional modes together with our best model.
In these Figures, lines between 80 and 178 GHz (3 and 2mm
windows) are those detected at the ‘survey position’ (at these
frequencies the HPBW of the telescope covers all Orion com-
ponents, see Sect. 2.2), whereas lines between 197 and 306 GHz
(1.3 and 0.9mm windows) are those detected pointing at the CR
(see Sect. 2.2), where the emission peak of MF is located (see
Sect. 3.1.1). Tables B.2, B.3, and B.4, only available online, list
spectroscopic and line parameters for the lines shown in these
Figures.
Spectroscopic constants derived from a fit with the MADEX
code (Cernicharo 2012) based on the lines reported by Ogata et
al. (2004) and dipole moments from Curl (1959), were used to
obtain the predicted frequencies and spectroscopic line param-
eters. Column densities and rotational temperatures were calcu-
lated using MADEX and assuming LTE, due to the lack of colli-
sional rates for these species, and a detailed multi-source struc-
ture. Table 1 shows the adopted physical parameters for each
component that better reproduce the observed lines.
This model fits in a reasonable way all lines found between
80 and 307GHz. From this final model, we could derive the fol-
lowing insights: i) twelve different components are derived from
the ALMA maps and the Gaussian fits to the lines arising from
each clump; ii) accurate rotational temperatures are obtained fit-
ting the IRAM 30m observed lines. We notice that two differents
temperatures were needed to fit tha lines for the component at
9 km s−1; iii) the model is lacking some intensity for high energy
b-type g.s. lines (see Fig. A.4) probably due to the a-type lines
3
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Fig. 1.Maps at different radial velocities and of the integrated line intensity of selected CH3OCOH lines. Triangle and cross signs mark the pointing
positions of the 30m survey at IRc2 (‘survey position’) and the compact ridge, respectively. Yellow ellipse at the upper left corner of the maps
represents the synthetic beam of ALMA.
that emerge from the inner and hotter parts of the CR are opti-
cally thick; iv) in the same way, the low energy a-type g.s. lines
have more intensity than the model (see Fig 3), indicating that
a cold (≤ 40K) and (probably) extended component is emitting
this contribution; v) we found a total column density (A+E) of
(1.9±0.6)×1018, (2.9±0.9)×1017, and (9±3)×1016 cm−2 for MF
g.s., 3t=1, and 3t=2, respectively, in Orion KL.
3.1.3. Vibrational temperatures: CH3OCOH
The vibrational energies for the A and E states of MF are dif-
ferent by a small factor (see Fig. 6). Consequently, we derive
vibrational temperatures for each state (A and E) and cloud com-
ponents following Eq. 1 (see Table 2).
N(CH3OCOH 3t)
N(CH3OCOH)
=
exp
(
−
E3t
Tvib
)
fv (1)
4
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Fig. 2. Lines of CH3OCOH at different positions. The rest frequency is 240.034GHz (193,16-183,15 transition of A-CH3OCOH).
Table 1.Methyl formate: Physical parameters
Parameter N-HC M-HC S-HC SE-CR CR N-CR Cold Hot Warm Hot S-NS M-NS N-NS
NE-CR NE-CR SC SC
dsou (′′) 2 2 2 4 2 2 2 2 2 2 2 3 2
offset† (′′) 2 (12) 2 (10) 4 (6) 9 (2) 9 (0) 8 (2) 7 (2) 7 (2) 4 (6) 4 (6) 5 (8) 5.5 (9) 6 (10)
vLSR (km s
−1) 3.0 5.5 7.5 7.5 7.5 5.0 9.0 9.0 5.5 8.0 7.5 9.5 6.5
∆vFWHM (km s
−1) 6.0 5.0 2.0 1.5 1.5 4.0 2.5 1.5 3.5 2.0 2.0 6.0 2.0
T rot (K) 200±60 250±75 250±75 60±18 250±75 100±30 100±30 250±75 150±45 200±60 150±45 150±45 150±45
Ng.s.×1016†† (cm−2) 10±3 18±5 10±3 40±12 18±5 10±3 14±4 12±4 14±4 1.4±0.4 4.0±1.2 30±9 6±2
N3t=1×1015†† (cm−2) 16±5 30±9 15±4 40±12 17±5 20±6 20±6 20±6 30±9 1.2±0.4 2.0±0.6 40±12 30±9
N3t=2×1015†† (cm−2) 3.0±0.9 7±2 9±3 9±3 8±2 5±2 10±3 8±2 7±2 0.9±0.3 1.0±0.3 19±6 6±2
†: with respect to IRc2 (CR); ††: A+E.
Acronyms: North hot core (N-HC), Mid hot core (M-HC), South hot core (S-HC), South-East compact ridge (SE-CR), compact ridge (CR), North
compact ridge (N-CR), Cold North-East compact ridge (Cold NE-CR), Hot North-East compact ridge (Hot NE-CR), Warm Spherical clump (Warm
SC), Hot Spherical clump (Hot SC), South North-South clump (S-NS), Mid North-South clump (M-NS), North North-South clump (N-NS).
where 3t identifies the vibrational mode, E3t is the en-
ergy of the corresponding vibrational state, T vib is the vi-
brational temperature, fν is the vibrational partition function,
N(CH3OCOH 3t) is the column density of the vibrational state,
and N(CH3OCOH) is the total column density of MF. Taking
into account the relation N(CH3OCOH)=Ng.s.× fν and assuming
the same partition function for these species in the ground and in
the vibrationally excited states, we only need the energy of each
vibrational state and the calculated column density to derive the
vibrational temperatures.
Owing to the small differences found in the derived Tvib
for each state (see Table 2), we will discuss the average value
(A+E/2). There is a tendency to a higher vibrational temperature
for the second excited torsional mode above the first one, but
these differences are not significant.
The highest vibrational temperatures obtained are those of
the N-NS component being 272K and 148K for 3t = 1 and 3t = 2,
respectively. This high temperature for the first excited state
(272K) is in disagreement with the derived value for 3t = 2, so
we could suspect that the column density of this component in
the 3t = 1 state has been overestimated. In contrast, the lowest
vibrational temperatures belongs to the S-NS component (63K
for 3t = 1 and 91K for 3t = 2) and the Cold SE-CR component
(78K for 3t = 1 and 89K for 3t = 2). The corresponding Trot for
the S-NS and the Cold SE-CR were 150 and 60K, respectively;
therefore, we found Tvib<Trot for the S-NS, and the opposite
(Tvib>Trot) occurs for Cold SE-CR.
The total averaged vibrational temperatures are 112K and
114K for the vibrational torsional mode 3t = 1 and 3t = 2, respec-
tively. Finally, we do not observe strong differences between Trot
and Tvib so we cannot distinguish (between collisions and/or far-
IR pumping) the excitation mechanisms of the vibrational levels.
On the other hand, possible temperature gradients of the compo-
nents are minimized due to the detailed source model in which
the typical size of each component is 2′′.
5
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Fig. 3.Observed lines towards Orion KL (histogram spectra) and model (thin red curves) of methyl formate (CH3OCOH) in the ground state (3t=0)
in the 3mm window. A vLSR of 7.5 km s
−1 is assumed.
3.2. Acetic acid (A- and E-CH3COOH)
In this work, AA has been detected towards Orion KL in its g.s.
for the first time in Orion KL and in its two first torsional excited
modes for the first time in space.
3.2.1. ALMA SV data: CH3COOH maps and source
components
Acetic acid 3t = 0, 1, and 2 have been detected in the ALMA SV
data towards the middle of the hot core cumply structure (M-HC)
of Orion KL (see Fig 7).
Figure 7 shows maps of three radial velocities (∼6.0, ∼7.5,
and ∼9.0 km s−1) and of the integrated line intensity of six
CH3COOH lines practically free of blending. The spatial dis-
tribution of the emission is consistent with the detection of these
species in the M-HC. We note a slightly displacement of the
6
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Fig. 4. Observed lines towards Orion KL (histogram spectra) and model (thin blue curves) of methyl formate (CH3OCOH) in the first torsional
state (3t=1) in the 1.3mm window.The red line corresponds to the model of methyl formate in its ground state. A vLSR of 7.5 km s
−1 is assumed.
maximum of the emission with the radial velocity: from South-
East to North-West from 6 to 9 km s−1. However, the reduced
spectral coverage of the ALMA SV data and possible blending
of the lines with less abundant species avoid us to give firmer
conclusions about this displacement. The peak emission of the
integrated line intensity maps is located at similar positions.
In Table 3, spectroscopic parameters of the involved transitions
in Fig. 7, blends, and the pixel of the emission peak displayed
by the maps in Fig. 7 are shown. We conclude that the emis-
sion peak of AA (see Table 3) is around the (118, 141) pixel
which corresponds with coordinates: α2000.0=05
h35m14.s503,
δ2000.0=−05
◦22′32.′′52. Emission in other Orion KL components
shown by these maps agrees with the blends given in Table 3.
Figure 8 shows the ALMA 5×5 pixels (∼1′′×∼1′′) aver-
aged spectrum around the pixel (118, 141) −emission peak of
acetic acid− (histogram black spectra). The thin red, blue, and
green curves are the models of CH3COOH 3t = 0, 1, and 2, re-
spectively, performed using the MADEX code5, LTE, and as-
5 Frequencies, energies, and line strengths have been taken from the
predictions of Ilyushin et al. (2013).
7
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Fig. 5. Observed lines towards Orion KL (histogram spectra) and model (thin blue curves) of methyl formate (CH3OCOH) in the second torsional
state (3t=2) through the 3, 2, 1.3 and 0.9mm windows. A vLSR of 7.5 km s
−1 is assumed.
suming: dsou = 2′′, TK = 110K, ∆v= 3 km s−1, vLS R =8 km s−1,
N = 3×1015 cm−2 for 3t = 0 (A+E) and N = 2×1015 cm−2 for each
vibrationally excited state (A+E). The column density is similar
for the three states. This probes that the difference in energy of
these states is low and, in this source, the three levels should
have similar population.
Acetic acid g.s. has previously been searched for by Remijan
et al. (2003) towards Orion KL using the BIMA (Berkeley
Illinois Maryland Association) array (synthetic beam of about
11.′′5×7.′′5). These authors did not find AA above the detection
limit of their observations (∼0.15 Jy/beam) at 3mm either in the
8
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Table 3. Lines of CH3COOH involved in the ALMA maps.
State J Ka Kc J′ K′a K′c Predicted Eu S i j µ2 Blend Pixel
freq. (MHz) (K) (D2) Peak int.
E 3t=0 20 0 20 19 0 19 218010.022 112.1 23.9 CH3CCD (119, 140)
20 0 20 19 1 19 218010.022 112.1 32.6
20 1 20 19 0 19 218010.022 112.1 32.6
20 1 20 19 1 19 218010.022 112.1 23.9
A 3t=0 20 1 19 19 2 18 228073.754 121.6 15.9 CH3CHO 3t=2 (119, 142)
20 1 19 19 1 18 228073.754 121.6 37.4 CH3OCOH 3t=1, (b type, Eup=670.3 K)
20 2 19 19 2 18 228073.754 121.6 37.4
20 2 19 19 1 18 228073.754 121.6 15.9
E 3t=0 22 0 22 21 0 21 239305.851 134.6 49.8 ... (119, 139)
22 0 22 21 1 21 239305.851 134.6 12.4
22 1 22 21 0 21 239305.851 134.6 12.4
22 1 22 21 1 21 239305.851 134.6 49.8
A 3t=1 20 0 20 19 0 19 217607.963 225.5 20.8 CH3CH2C
15N (118, 141)
20 0 20 19 1 19 217607.963 225.5 35.6 CH3CH2CN 313/321 (c type)
20 1 20 19 0 19 217607.963 225.5 35.6
20 1 20 19 1 19 217607.963 225.5 20.8
E 3t=1 17 3 14 16 4 13 217875.073 210.9 28.6 ... (119, 139)
17 4 14 16 4 13 217875.074 210.9 9.32
17 3 14 16 3 13 217875.079 210.9 9.32
17 4 14 16 3 13 217875.080 210.9 28.6
A 3t=2 19 3 16 18 4 15 246481.996 309.9 26.9 ... (116, 142)
19 4 16 18 4 15 246482.478 309.9 15.3
19 3 16 18 3 15 246483.288 309.9 15.3
19 4 16 18 3 15 246483.770 309.9 26.9
Note.- Spectroscopic parameters and blends of the CH3COOH transitions involved in Fig. 7. The pixel of the emission peak at the integrated line
intensity maps is displayed in the last column.
0 
35 
70 
105 
140 
175 
210 
245 
0 
50 
100 
150 
200 
250 
300 
350 
400 
E
v
ib
 (
cm
-1
) 
E
v
ib
 (
K
) 
VIBRATIONAL ENERGIES 
A-CH
3
OCOH v
t
=2 
E-CH
3
OCOH v
t
=2 
E-CH
3
COOH v
t
=2 
E-CH
3
OCOH v
t
=1 
E-CH
3
COOH v
t
=1 
E-CH
3
OCOH v
t
=0 
E-CH
3
COOH v
t
=0 
A-CH
3
COOH v
t
=2 
A-CH
3
COOH v
t
=1 
A-CH
3
OCOH v
t
=1 
A-CH
3
OCOH v
t
=0 
A-CH
3
COOH v
t
=0 
Fig. 6. Vibrational energies (Evib) for the A and E states of CH3OCOH
and CH3COOH in the first and second torsional modes.
hot core or in the CR. Our model predicts intensities below this
limit for the lines searched by Remijan et al. (2003).
3.2.2. IRAM 30m data: CH3COOH model
Acetic acid has also been detected in the 30m survey of Orion
KL. Although the large percentage of blended lines in these data,
we did not find missing lines between 80 and 306GHz. As we
have pointed out in previous works (see Kolesnikova´ et al. 2015
and Tercero et al. 2015), the spectrum of the IRAM 30m tele-
scope is a mix of all molecules from all source components
(averaged spectrum over the beam) given rise to a high level
Table 2.Methyl formate: vibrational temperatures
Cloud Tvib(MF 3t=1) (K) Tvib(MF 3t=2) (K)
components A E A E
N-HC 105 105 97 100
M-HC 103 102 103 106
S-HC 99 99 138 142
SE-CR 78 77 87 90
CR 80 79 106 109
N-CR 136 135 111 114
Cold NE-CR 117 116 128 132
Hot NE-CR 117 116 122 126
Warm SC 117 116 111 114
Hot SC 77 76 105 108
S-NS 63 63 90 92
M-NS 91 90 120 123
N-NS 272 271 144 148
Note.- Evib = 188.40K (A-3t=1), 187.57K (E-3t=1), 331.56K (A-3t=2),
340.88K (E-3t=2).
of blending and line confusion, whereas with ALMA, a drastic
reduction of the line confusion allows the detection of a larger
number of unblended features, especially for the less abundant
species. Table 4 shows the number of lines of AA identified in
the IRAM 30m data. Our identifications are based on a whole
inspection of the data and the modeled synthetic spectrum of the
molecule (see below) where we obtain the total number of de-
tectable lines. Unblended features are those which present the
expected radial velocity and there is not another species at the
same observed frequency (±3 MHz) with significant intensity (if
for the unblended frequencies we do not found the line we are
looking for, then we do not claim detection). Partially blended
lines are those which present either a mismatch in the peak chan-
nel of the line or significant contribution from another species at
9
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Fig. 7. Maps of three radial velocities (6.0, 7.5, and 9.0 km s−1) and of the integrated line intensity of the less blended CH3COOH lines. Triangle
and cross signs mark the pointing positions of the 30m survey at IRc2 and the Compact Ridge, respectively. Yellow ellipse at the upper left corner
of the maps represents the synthetic beam of ALMA.
the peak channel of the feature. Blended lines are those that are
close enough to other stronger features.
FiguresA.8, A.9, and A.10, only available online, show de-
tected lines of AA 3t = 0, 1, and 2, respectively, in the IRAM
30m data (at the ‘survey position’) together with our best model.
Tables B.5, B.6, and B.7, only available online, list line pa-
rameters and blends of all detectable lines in the 30m data
for AA g.s., AA 3t = 1, and AA 3t = 2, respectively. A sin-
gle component (M-HC) has been considered to derive the syn-
thetic spectrum using MADEX and LTE according with the
following physical parameters (in agreement with those ob-
tained in Sect. 3.2.1): dsou = 2′′, offset= 1.′′5 (with respect the
‘survey position’, see Sect. 2.2), TK = 110±33K, ∆v= 3 (2 for
3t = 1,2) km s
−1, vLS R =7.5 km s
−1. We derived column den-
sities of N = (1.2±0.4)×1016 cm−2, N = (5±2)×1015 cm−2, and
10
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Fig. 8. Lines of CH3COOH, towards Orion KL. Histogram black spectrum is the averaged spectrum over 5×5 pixel around the acetic acid peak
(pixel: 118, 141) of the ALMA SV data (see text for references). Red, blue, and green thin lines are the synthetic spectrum of CH3COOH 3t=0, 1,
and 2, respectively.
N = (4±1)×1015 cm−2 for 3t = 0 (A+E), 3t = 1 (A+E) and 3t = 2
(A+E), respectively.
Table 4. Acetic acid and glycolaldehyde lines in the IRAM 30m data
Species Detectable Unblended Partially Totally
(total) blended blended
AA g.s. 286 146 (%) 78 (%) 62 (%)
AA 3t=1 145 69 (%) 45 (%) 31 (%)
AA 3t=2 126 69 (%) 34 (%) 23 (%)
GLY g.s. 242 121 (%) 71 (%) 50 (%)
Note.- See Sect. 3.2.2.
3.3. Glycolaldehyde (CH2OHCHO)
In this work, glycolaldehyde has been detected for the first time
in Orion KL.
3.3.1. ALMA SV data: CH2OHCHO maps and source
components
We have search for glycolaldehyde in the ALMA SV data to-
wards two different positions: at the AA peak (M-HC) and at the
MF peak (CR). We found this species towards the former posi-
tion.
Left panel of Fig. 9 shows maps at 7.5 km s−1 of some gly-
colaldehyde lines partially free of blendingIn Table 5, spectro-
scopic parameters of the involved transitions in Fig. 9, blends,
11
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and the pixel of the emission peak (between SW of source
I and SE of source n) displayed by these maps are shown.
The spatial distribution of the emission is consistent with the
detection of this species at a similar position of CH3COOH.
We conclude that the emission peak of glycolaldehyde (see
Table 5) is around the (121, 135) pixel which corresponds with
α2000.0=05
h35m14.453s, δ2000.0=−05
◦22’33.82” (displaced 1.′′5
South-West with respect the AA peak). Emission in other Orion
KL components shown by these maps agrees with the blends
given in Table 5.
Central and right panels show the ALMA 5×5 pixels
(∼1′′×∼1′′) averaged spectrum around the pixels (121, 135)
−emission peak of GLY− and (149, 119) −emission peak of
MF− (histogram black spectra). The thin red curve is the model
for GLY adapted to the ALMA data (using the MADEX code6,
LTE, and assuming: dsou = 2”, TK = 110K, N = 2×1014 cm−2,
∆v= 2 km s−1, and vLS R =7.5 km s
−1). The radial velocity at
7.5 km s−1 with respect to the rest frequency of the CH2OHCHO
transitions is marked with a dashed blue line.
3.3.2. IRAM 30m data: CH2OHCHO model
Glycolaldehyde has also been detected in the 30m survey of
Orion KL. As for AA, we did not find missing lines between
80 and 306GHz. Table 4 shows the number of GLY lines iden-
tified in the IRAM 30m data (see Sect. 3.2.2). Figure 10 shows
detected lines of GLY in the IRAM 30m data (at the ‘survey po-
sition’) together with our best model. Table B.8, only available
online, list line parameters and blends of all detectable lines in
the 30m data of GLY. As well as for AA, a single component (M-
HC) has been considered to derive the synthetic spectrum using
MADEX and LTE according to the following physical parame-
ters (in agreement with those obtained in Sect. 3.3.1): dsou = 2′′,
offset= 1.′′5 (with respect the ‘survey position’, see Sect. 2.2),
TK = 110±33K, ∆v= 2 km s−1, vLS R =7.5 km s−1. We derived a
column density of N = (3.5±1.1)×1015 cm−2.
4. Discussion
Methyl formate is one of the most abundant molecules in the
ISM. Its dense rotational spectrum allows us to characterize the
physical-chemical conditions of the region in which it resides on.
These species is frequently found in molecular condensations
associated with massive star forming regions, “hot cores”, al-
though it has also been detected in those regions associated with
low-mass stars “hot corinos” (Cazaux et al. 2003; Bottinelli et al.
2004a; Sakai et al. 2006, 2007). It should be noted that, although
CH3OCOH is relatively abundant both in hot cores and hot cori-
nos, it is especially abundant in Orion KL (Favre et al. 2011).
Moreover, it is suggested that organic molecules may be different
along the protostellar evolution in both hot core/corinos. Sakai
et al. (2006, 2007) proposed that CH3OCOH is associated with
a very early evolutionary phase of star formation (Class 0 proto-
stars), and, therefore, the emission lines of MF might be an im-
portant tracer to the trigger of star formation activity (Kobayashi
et al. 2007).
6 Spectroscopic constants were derived from a fit with the MADEX
code to the lines reported by Carroll et al. (2010). The dipole moment
was that measured by Marstokk & Møllendal (1970).
4.1. Chemical formation pathways
Calcutt et al. (2014) provided PdBI maps of MF and GLY of four
massive star-forming hot cores (G31.41+0.31, G24.78+0.08 A1,
G24.78+0.08 A2, and G29.96−0.02). They found MF and GLY
tracing similar spatial distribution in these distant sources al-
though GLY cloud be a better tracer of the inner conditions of
the hot core closer to the embedded protostar. Nevertheless, the
presence of GLY has only been confirmed towards G31.41+0.31
(Beltra´n et al. 2009) and the GLYmaps of G24.78+0.08 (A1 and
A2) and G29.96−0.02 are based on the observation of a single
transition of GLY in these sources. We found also GLY associ-
ated to the hottest component of the source. Issues such as the
evolutionary stage of the different Orion KL’s components, the
composition of the dust grains previous the collapse phase, the
molecules accreted on to the grains and/or the gas phase chem-
istry should be addressed to explain the evident difference be-
tween the molecular content of the CR and the M-HC.
Nowadays, thanks to the recent papers based on interfero-
metric data and related to O-bearing species in Orion KL, we can
infer the following chemical differentiation: The compact ridge
is the main host of CH3OCOH, CH3OCH3, CH3CH2OCH3,
CH3COOCH3, and CH3CH2OCOH (see Favre et al. 2011;
Brouillet et al. 2013; Tercero et al. 2015). All these species
present a common feature: an oxygen bounded to two car-
bons by two single bonds (see Fig. 11). The middle of the
hot core structure, which also presents emission of CH3OCOH
and CH3OCH3, is the main host of CH3CH2OH, CH3COCH3
(this species also traces a relatively extended emission sim-
ilar to the spatial distribution found for N-bearing species),
CH3COOH, CH2OHCHO, and OHCH2CH2OH (see Peng et al.
2013; Brouillet et al. 2015; Tercero et al. 2015). These species
present a hydroxyl group (−OH) and/or a carboxyl group (−CO)
(see Fig. 11).
According to the internal structure of these species, we can
propose different precursors for the formation of the species
found in each clump.
In the structure of the abundant molecules in the CR, we
found CH3O−, the methoxy radical, (Cernicharo et al. 2012);
for ethyl formate a H from CH3O has been replaced by a −CH2
group. On the other hand, an isomer of methoxy, hydroxymethyl
(−CH2OH), is a constituent of molecules found in the M-HC
such as ethanol, GLY, and ethylene glycol. In fact, the large
abundance of ethylene glycol (two −CH2OH bounded) in the
M-HC (see Brouillet et al. 2015) could be easily explained if
−CH2OH is the main precursor for the O-bearing species in this
component. In addition, AA has changed the two H of hydrox-
ymethyl by a methyl group (−CH3) and an Oxygen. The only
molecule that not follows this “law” is acetone which seems to
be more connected with the N-bearing species in Orion KL (see
Peng et al. 2013). We propose methoxy (CH3O−) and hydrox-
ymethyl (−CH2OH) as the precursors of the O-bearing species
in the CR and in the M-HC of Orion KL, respectively. Physical
and chemical conditions of the gas and the dust grains under one
of these species is favored should be investigated.
5. Summary and conclusions
– A consistent study of the C2H4O2 isomers (MF, AA, and
GLY) has been carried out based on the ALMA SV and the
IRAM 30m data.
– In this work, AA g.s. and GLY g.s. have been detected for the
first time in Orion KL. In addition, due to the low energies
of the two first vibrational modes of AA, we have identified
12
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Fig. 9.Mid and right panels depict lines of glycolaldehyde, CH2OHCHO, towards two different positions in Orion KL. Histogram black spectrum
is the averaged spectrum over 5×5 pixel around the glycolaldehyde peak (pixel: 121, 135) and the methyl formate peak (pixel: 149, 119) of the
ALMA SV data (see text for references). Red thin line is the synthetic spectrum of glycolaldehyde. Left panel shows maps of this species at a
vLS R ' 7.5 km s
−1. Triangle and cross signs mark the pointing positions of the 30m survey at IRc2 and the Compact Ridge, respectively. Yellow
ellipse at the upper right corner of the maps represents the synthetic beam of ALMA.
AA 3t=1 and AA 3t=1 in Orion KL and for the first time in
space.
– Thanks to the high spatial resolution achieved by the ALMA
maps we have determined in a accurate way the different
cloud components involved in the emission of MF, AA and
GLY.
– Ten different clumps are involved in the MF emission being
the CR the main host of this species in Orion KL. Emission
of AA and GLY comes from a single clump located at the
M-HC.
– Detailed models that reproduce the observed lines of MF,
AA and GLY in the IRAM 30m data (from 80 to 307GHz)
have been performed based on the source components un-
13
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Table 5. Lines of CH2CHCHO in ALMA data.
J Ka Kc J′ K′a K′c Predicted Eu S i j Blend Pixel
freq. (MHz) (K) Peak int.
13 9 4 13 8 5 214849.576 99.7 4.43 CH3CHO ...
13 9 5 13 8 6 214849.596 99.7 4.43
12 9 3 12 8 4 215018.683 92.5 3.64 CH3COOCH3/DCOOCH3 (120, 134)
12 9 4 12 8 5 215018.688 92.5 3.64
9 5 5 8 4 4 217626.097 40.2 4.64 CH2CH
13CN/CH3CH2C
15N (115, 143)
CH3CHO 3t=1 (b type)
13 4 10 12 3 9 219230.205 60.5 4.02 CH3CH2CN ν13/ν21 ...
CH3COCH3
22 1 21 21 2 20 232286.155 134.5 17.4 CH3CH2CN (b type, Eu=738.1K) (120, 137)
22 2 21 21 1 20 232335.444 134.5 17.4 CH3
13CH2CN (Eu=580.4K) (120, 137)
21 3 19 20 2 18 232734.963 131.2 13.1 CH3COCH3/HCOOCH3 3t=1 ...
12 10 2 12 9 3 240482.808 104.0 2.84 CH3COCH3/CH3COOH 3t=1 ...
12 10 3 12 9 4 240482.808 104.0 2.84
24 0 24 23 1 23 242957.816 148.3 22.5 (121, 135)
24 1 24 23 1 23 242957.904 148.3 23.8
24 0 24 23 0 23 242957.983 148.3 23.8
24 1 24 23 0 23 242958.072 148.3 22.5
Note.- Spectroscopic parameters and blends of the CH2OHCHO lines shown in Fig. 9. The pixel of the emission peak (between SE of source I
and SW of source n) of the maps depicted in Fig. 9 is displayed in the last column.
veiled by the ALMA maps and LTE approximation. These
models provide constrained values for the rotational temper-
atures and the column densities of MF, AA, and GLY in each
source component.
– Vibrational temperatures have been derived for the two first
low lying vibrationally excited states of MF. In all cases,
we have obtained values of Tvib in agreement with the ro-
tational temperatures provided by the model. Therefore, the
main mechanism that populates the vibrational levels (colli-
sions and/or IR pumping) cannot be distinguished.
– The organic O-bearing species detected in Orion KL can be
divided into two groups depending on the main host compo-
nent, i.e., the CR or the M-HC. A common structural feature
has been discerned for each group of species. These differ-
ences lead to suggest a different precursor for the species
found in each component: in the CR the methoxy radical
(CH3O−) could play the major role in forming the O-bearing
species, whereas the hydroxymethyl radical (−CH2OH) may
be the main precursor for these species in the M-HC.
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Fig. 10. Observed lines from Orion KL (histogram spectra) and model (thin red curves) of glycolaldehyde (CH2OHCHO) in the ground state in
the 3, 2, 1, and 0.9 millimeter windows. The cyan line corresponds to the model of the molecules we have already studied in this survey (see
Appendix C), except for the model of CH2OHCHO. A vLSR of 7.5 km s
−1 is assumed.
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COMPACT RIDGE MID HOT CORE 
CIS-METHYL FORMATE 
DIMETHYL ETHER 
TRANS-ETHYL METHYL ETHER 
METHYL ACETATE 
ETHYL FORMATE 
ETHANOL 
ACETONE 
ACETIC ACID 
GLYCOLALDEHYDE 
ETHYLENE GLYCOL 
Fig. 11. Structure of the O-bearing molecules found towards the compact ridge and the mid hot core of Orion KL.
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Appendix A: Online Figures
Fig. A.1. Lines of CH3OCOH and Gaussian fits to the line profiles at different positions.
18
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Fig. A.2. Observed lines towards Orion KL (histogram spectra) and model (thin red curves) of methyl formate (CH3OCOH) in the ground state
(3t=0) in the 2mm window. A vLSR of 7.5 km s
−1 is assumed.
19
162 Capı´tulo 5: Trabajos publicados
A. Lo´pez et al.: C2H4O2 isomers in Orion KL
Fig. A.3. Observed lines towards Orion KL (histogram spectra) and model (thin red curves) of methyl formate (CH3OCOH) in the ground state
(3t=0) in the 1.3mm window. A vLSR of 7.5 km s
−1 is assumed.
20
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Fig. A.4. Observed lines towards Orion KL (histogram spectra) and model (thin red curves) of methyl formate (CH3OCOH) in the ground state
(3t=0) in the 1-0.9mm window. A vLSR of 7.5 km s
−1 is assumed.
21
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Fig. A.5. Observed lines towards Orion KL (histogram spectra) and model (thin blue curves) of methyl formate (CH3OCOH) in the first torsional
state (3t=1) in the 3mm window. The red line corresponds to the model of methyl formate in its ground state. A vLSR of 7.5 km s
−1 is assumed.
22
Capı´tulo 5: Trabajos publicados 165
A. Lo´pez et al.: C2H4O2 isomers in Orion KL
Fig. A.6. Observed lines towards Orion KL (histogram spectra) and model (thin blue curves) of methyl formate (CH3OCOH) in the first torsional
state (3t=1) in the 2mm window.The red line corresponds to the model of methyl formate in its ground state. A vLSR of 7.5 km s
−1 is assumed.
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Fig. A.7. Observed lines towards Orion KL (histogram spectra) and model (thin blue curves) of methyl formate (CH3OCOH) in the first torsional
state (3t=1) in the 1-0.9mm window. The red line corresponds to the model of methyl formate in its ground state. A vLSR of 7.5 km s
−1 is assumed.
24
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Fig. A.8. Observed lines from Orion KL (histogram spectra) and model (thin fucsia curves) of acetic acid (CH3COOH) in the ground state between
80 and 306GHz. The cyan line corresponds to the model of the molecules we have already studied in this survey (see AppendixC), except for the
model of CH3COOH. A vLSR of 7.5 km s
−1 is assumed.
25
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Fig. A.9. Observed lines from Orion KL (histogram spectra) and model (thin fucsia curves) of acetic acid (CH3COOH) in the first torsional state
(3t = 1) between 80 and 306GHz. The cyan line corresponds to the model of the molecules we have already studied in this survey (see Appendix C),
except for the model of CH3COOH. A vLSR of 7.5 km s
−1 is assumed.
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Fig. A.10. Observed lines from Orion KL (histogram spectra) and model (thin fucsia curves) of acetic acid (CH3COOH) in the second torsional
state (3t = 2) between 80 and 306GHz. The cyan line corresponds to the model of the molecules we have already studied in this survey (see
Appendix C), except for the model of CH3COOH. A vLSR of 7.5 km s
−1 is assumed.
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Component Coordinates Line Parameters 3t=0;J=6-5;Ka=6-5 3t=0;193,16-183,15 3t=0;J=18-17;Ka=16 3t=1;J=20-19;Ka=14 3t=2;192,17-182,16
Freq.= 225.929GHz Freq.= 240.035GHz Freq.= 220.926GHz Freq.= 244.074GHz Freq.= 227.730GHz
Eup = 36.3K Eup = 122.3K Eup = 280.7K Eup = 442.1K Eup = 449.4K
N-HC α2000.0 = 05
h35m14.s6 vLS R (km s
−1) 3.3 / 5.6 3.5 / 5.2 / 8.7 5.4 2.3 / 5.5 2.6 / 5.7
δ2000.0 =−05
◦22′30.′′8 ∆v (km s−1) 6.5 / 2.5 5.8 / 3.1 / 1.1 4.2 3.2 / 4.2 4.4 / 3.6
Flux (Jy/beam) 0.1 / 0.2 0.5 / 0.8 / 0.2 0.2 0.04 / 0.2 0.1 / 0.2
M-HC α2000.0 = 05
h35m14.s5 vLS R (km s
−1) 5.4 / 7.0 / 10.6 5.0 / 7.6 5.4 / 7.7 6.0 / 7.5 0.9 / 4.9 / 7.6
δ2000.0 =−05
◦22′32.′′3 ∆v (km s−1) 5.4 / 3.7 / 3.3 5.6 / 2.9 4.8 / 2.0 6.9 / 2.5 4.1 / 4.0 / 2.6
Flux (Jy/beam) 0.2 / 0.3 / 0.2 1.2 / 1.4 0.2 / 0.2 0.2 / 0.4 0.1 / 0.2 / 0.4
S-HC α2000.0 = 05
h35m14.s4 vLS R (km s
−1) 7.3 2.3 / 6.4 / 7.4 6.2 / 7.5 6.5 / 7.6 0.5 / 6.4 / 7.6
δ2000.0 =−05
◦22′34.′′8 ∆v (km s−1) 3.1 7.3 / 3.3 / 2.6 3.2 / 2.1 2.7 / 2.1 3.3 / 2.7 / 2.1
Flux (Jy/beam) 1.8 0.4 / 1.4 / 3.4 0.5 / 1.1 0.4 / 1.2 0.1 / 0.3 / 0.9
SE-CR α2000.0 = 05
h35m14.s3 vLS R (km s
−1) 7.4 / 9.9 4.9 / 7.4 / 8.7 5.3 / 7.3 / 8.3 7.4 / 7.6 7.4 / 8.6
δ2000.0 =−05
◦22′37.′′8 ∆v (km s−1) 2.2 / 2.1 4.5 / 2.0 / 3.3 6.7 / 1.7 / 3.4 1.4 / 3.3 1.8 / 4.8
Flux (Jy/beam) 1.9 / 0.2 0.7 / 3.3 / 1.3 0.1 / 0.8 / 0.2 0.4 / 0.2 0.4 / 0.1
CR α2000.0 = 05
h35m14.s1 vLS R (km s
−1) 7.1 / 8.2 7.2 / 9.1 7.3 / 9.2 7.2 / 9.0 7.3 / 9.3
δ2000.0 =−05
◦22′36.′′9 ∆v (km s−1) 1.5 / 3.4 1.9 / 2.0 1.7 / 2.0 1.6 / 2.1 1.7 / 1.7
Flux (Jy/beam) 2.0 / 1.3 4.6 / 3.1 1.6 / 0.4 1.7 / 0.4 1.2 / 0.2
N-CR α2000.0 = 05
h35m14.s1 vLS R (km s
−1) 4.5 / 6.8 / 8.3 5.8 / 7.6 / 8.7 6.8 / 7.0 / 8.4 6.7 / 7.0 / 8.6 5.8 / 7.5 / 8.5
δ2000.0 =−05
◦22′34.′′3 ∆v (km s−1) 2.5 / 2.1 / 2.6 3.8 / 3.0 / 4.0 5.1 / 1.8 / 1.8 3.6 / 1.5 / 2.3 6.6 / 2.8 / 4.7
Flux (Jy/beam) 0.2 / 0.5 / 0.5 0.8 / 1.3 / 0.7 0.1 / 0.2 / 0.1 0.1 / 0.1 / 0.1 0.02 / 0.1 / 0.03
NE-CR α2000.0 = 05
h35m14.s2 vLS R (km s
−1) 6.5 / 8.9 8.7 / 9.0 6.8 / 9.2 7.3 / 9.3 6.5 / 9.1
δ2000.0 =−05
◦22′34.′′3 ∆v (km s−1) 1.5 / 2.9 4.6 / 1.4 2.9 / 2.9 2.9 / 2.5 1.5 / 3.8
Flux (Jy/beam) 0.2 / 0.9 2.6 / 0.7 0.2 / 0.4 0.1 / 0.2 0.05 / 0.2
SC α2000.0 = 05
h35m14.s2 vLS R (km s
−1) 5.7 / 8.4 1.6 / 5.6 / 8.0 5.5 / 7.7 6.0 / 8.1 5.5 / 7.9
δ2000.0 =−05
◦22′31.′′1 ∆v (km s−1) 5.1 / 1.3 9.9 / 3.5 / 1.9 5.0 / 2.1 3.7 / 1.8 5.1 / 1.8
Flux (Jy/beam) 0.3 / 0.1 0.5 / 1.6 / 0.8 0.3 / 0.2 0.3 / 0.2 0.3 / 0.2
S-NS α2000.0 = 05
h35m14.s1 vLS R (km s
−1) 7.2 / 9.0 / 11.2 7.5 / 10.1 7.0 / 9.6 / 14.5 7.6 / 9.4 7.3 / 10.1
δ2000.0 =−05
◦22′29.′′1 ∆v (km s−1) 2.3 / 3.9 / 7.5 2.6 / 5.8 2.8 / 4.9 / 8.7 2.4 / 5.7 2.6 / 7.1
Flux (Jy/beam) 0.8 / 0.3 / 0.2 2.1 / 1.5 0.4 / 0.2 / 0.04 0.2 / 0.1 0.1 / 0.1
N-NS α2000.0 = 05
h35m14.s1 vLS R (km s
−1) 6.4 / 8.8 6.5 / 8.8 6.7 / 9.8 / 17.0 6.1 / 7.7 6.1 / 7.4 / 10.8
δ2000.0 =−05
◦22′27.′′3 ∆v (km s−1) 2.5 / 4.3 2.7 / 5.0 2.9 / 3.2 / 5.0 1.7 / 4.7 1.8 / 3.8 / 4.8
Flux (Jy/beam) 0.9 / 0.4 2.1 / 1.7 0.5 / 0.1 / 0.03 0.2 / 0.3 0.1 / 0.2 / 0.05
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Appendix C: Total model
In Figs. A.8−A.10 and 10 a model with all already studied species in this survey is included (cyan line). The list of considered molecules in this
model and published works containing the detailed analysis for each species are shown in Table C.1:
Table C.1. Species included in the total model
Reference Studied species Notes
Tercero et al. (2010)† OCS, CS, H2CS, HCS
+, CCS, CCCS (b) (c)
Tercero et al. (2011)† SiO, SiS (b) (c)
Daly et al. (2013)† CH3CH2CN (a) (b) (c)
Esplugues et al. (2013a)† SO, SO2 (b) (c)
Esplugues et al. (2013b)† HC3N, HC5N (b) (c) (d)
Lo´pez et al. (2014)† CH2CHCN (a) (b) (c)
Marcelino et al. in prep.† HCN, HNC, HCO+ (b) (c) (d) (e)
Demyk et al. (2007) 13C-CH3CH2CN (a) (c)
Margule`s et al. (2009) CH3CH2C
15N, CH3CHDCN, and CH2DCH2CN (a) (c)
Carvajal et al. (2009) 13C-HCOOCH3 (a) (c)
Marcelino et al. (2009) HNCO (c)
Margule´s et al. (2010) DCOOCH3 (a) (c)
Tercero et al. (2012) 18O-HCOOCH3 (a) (c)
Motiyenko et al. (2012) NH2CHO, NH2CHO 312=1 (a) (c)
Coudert et al. (2013) HCOOCH2D (a) (c)
Tercero et al. (2013) CH3COOCH3, CH3CH2OCOH (a) (c)
Bell et al. (2014) CH3CN (b) (c)
Kolesnikova´ et al. (2014) CH3CH2SH, CH3SH, CH3OH,
13CH3OH, CH3CH2OH (a) (c)
Haykal et al. (2014) 13C-HCOOCH3 3t=1 (a) (c)
Tercero et al. (2015) CH3CH2OCH3 (c) (e)
This work HCOOCH3 3t=0,1,2, CH3COOH 3t=0,1,2, CH2OHCHO (c) (e)
In progress CH2OCH2, AG-OHCH2CH2OH (c)
In progress 13C-CH3CN, CH3CN 38=1 (c)
In progress CH3OCH3, CH3COCH3, H2
13CO (c)
†: In these analysis we have include all isotopologues and vibrational excited states of the molecule. (a) - Papers in collaboration with spectro-
scopists. (b) - Papers dividing the analysis of the Orion’s surveys in different families of molecules. (c) - Papers based on the IRAM 30m 1D-survey
and/or 2D-survey. (d) - Papers based on Herschel/HIFI data. (e) - Papers based on ALMA SV data.
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5.6 Resultados globales
Como hemos visto, uno de los resultados ma´s relevantes de los artı´culos que hemos presentado, radica
en la primera deteccio´n de nuevas mole´culas y de varios estados excitados vibracionalmente, gracias al
trabajo de colaboracio´n con expertos en espectroscopı´a molecular.
De este modo, respecto a las mole´culas que contienen nitro´geno, CH3CH2CN y CH2CHCN,
detectamos, por primera en el espacio tres modos vibracionales: CH3CH2CN 312=1, CH3CH2CN 320=1
y CH2CHCN 310=1/(311=1, 315=1).
En conjunto, hemos identificado ma´s de 3000 lı´neas en el espectro observado pertenecientes a especies
de ambas mole´culas.
Por otro lado, respecto a las mole´culas que contienen oxı´geno, hemos estudiado tres iso´meros
funcionales que siguen la fo´rmula C2H4O2: formiato de metilo (CH3OCOH); a´cido ace´tico (CH3COOH)
y glicolaldehı´do (CH2OHCOH). Las mole´culas que poseen un rotor interno del grupo funcional −CH3
(metilo) poseen un espectro rotacional muy denso, lo que aumenta la complejidad del ana´lisis. Esto
unido a la gran abundancia del formiato de metilo se traduce en que hemos detectado ma´s de 6000 lı´neas
en el barrido espectral de Orio´n-KL pertenecientes a diferentes especies de esta mole´cula. La emisio´n
de lı´neas rotacionales del CH3OCOH parece proceder principalmente de la nube denominada compact
ridge. Sin embargo, las lı´neas de sus iso´meros (CH3COOH y CH2OHCOH), que son mucho menos
abundantes, emergen de una posicio´n diferente de la nube, el hot core.
Otro grupo de mole´culas con oxı´geno que hemos analizado, es el de la mole´cula de acetato de metilo
(CH3OCOCH3) y su iso´mero, el formiato de etilo (CH3CH2OCOH). El CH3OCOCH3 ha sido detectado
por primera vez en el espacio en el presente trabajo, al igual que su iso´mero, el confo´rmero gauche-
CH3CH2OCOH. Las lı´neas de emisio´n de estas mole´culas emergen principalmente de la componente de
la nube denominada compact ridge, a una temperatura de 150 K.
Adema´s, la compleja mole´cula interestelar de 12 a´tomos, el trans-etil metil e´ter (CH3CH2OCH3),
la hemos detectado tentativamente en nuestra fuente de Orio´n-KL (Tercero et al. 2015). Previamente,
Carroll et al. 2015 (2015) proporcionaron un lı´mite superior a su densidad de columna en otra regio´n
de formacio´n de estrellas masivas, Sgr B2, cercana al centro gala´ctico. Las lı´neas identificadas de
esta mole´cula provienen de la componente de la nube de Orio´n-KL compact ridge y obtenemos
una temperatura rotacional de 100 K. Sin embargo, su iso´mero, el gauche-trans-n-propanol (gt-n-
CH3CH2CH2OH) presenta el ma´ximo de emisio´n en el hot core. La emisio´n de esta especie solo
detectada tentativamente, coincide espacialmente con la de su posible precursor, etanol (CH3CH2OH).
5.6.1 Identificacio´n de lı´neas
La cantidad de lı´neas moleculares identificadas en nuestra fuente astrofı´sica ha permitido reducir
considerablemente el nu´mero de lı´neas sin identificar en el barrido espectral de Orio´n-KL de Tercero et
al. (2010). En total, 9 600 lı´neas espectrales han sido analizadas en los trabajos que hemos presentado.
De ellas, cerca de 4000 eran lı´neas no identificadas previamente (Tabla 5.1). Hasta la fecha, en nuestro
barrido espectral hemos detectado unas 50 mole´culas diferentes, cerca de 200 especies considerando los
distintos modos vibracionales e isotopo´logos.
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Tabla 5.1: Ana´lisis de las mole´culas con N y O que comprenden la tesis.
Mole´cula datos lı´neas detectadas nueva detecio´n
(emisio´n dominante)
CH3CH2CN (HC) IRAM-30 m >2 000 lı´neas*,** 312=1††, 320=1††
CH2CHCN (HC) IRAM-30 m >1 100 lı´neas*,** 311=2,3†, (310=1)⇔(311=1,315=1)††
CH3OCOH (CR) AA†
CH3COOH (M-HC) IRAM-30 m, ALMA SV >6 000 lı´neas*,** AA 3t=1,2††
CH2OHCHO (M-HC) GLY†
CH3OCOCH3 (CR) IRAM-30 m >300 lı´neas ††-MAc
CH3CH2OCOH (CR) trans-EF†, gauche-EF††
CH3CH2OCH3 (CR) IRAM-30 m, ALMA SV ≈200 lı´neas trans-EME (tentativa)††
Nota. Esta tabla muestra las diferentes mole´culas que hemos analizado en este trabajo, la regio´n de la
nube dominante de la que proviene la emisio´n molecular, los datos espectrales de los que dispusimos, la
cantidad de lı´neas detectadas incluyendo los estados excitados e isotopo´logos en el caso de considerarlos,
ası´ como las especies detectadas por primera vez en Orio´n-KL y/o en el espacio. ∗incluido los estados
excitados;∗∗incluido los isotopo´logos; †detectada en Orio´n-KL; ††detectada en el espacio; AA=Acetic
Acid; GLY=Glycolaldehyde; MAc=Methyl Acetate; EF=Ethyl Formate; EME=Ethyl Methyl Ether;
CR=Compact Ridge; HC=Hot Core; M-HC=mid Hot Core.
A modo informativo, en la Tabla 5.2 mostramos otras fuentes en las que han sido detectadas las
especies estudiadas en trabajo.
5.6.2 Sumario de los resultados
En esta seccio´n vamos a ordenar los resultados de estos artı´culos en base a diferentes criterios de
manera que pueda servir de base para estudios comparativos entre la emisio´n de las distintas especies en
la fuente.
En primer lugar, en la Tabla 5.3 encontramos las densidades de columna de la componente dominante
para la emisio´n de las mole´culas estudiadas en esta tesis en el nivel fundamental. En la Tabla 5.4 se
muestran estos mismos resultados para todas las especies que hemos visto en este trabajo (incluyendo
los niveles vibracionalmente excitados y diferentes isotopo´logos). Por otro lado, en la Tabla 5.5 los
valores de las densidades de columna de cada mole´cula se presentan en funcio´n de determinados
rangos de temperatura rotacional. Debido a las mu´ltiples subcomponentes de la nube, para algunos
casos (por ejemplo para el formiato de metilo) se han agrupado varias componentes en las dos
componentes principales de la nube que hemos estudiado a lo largo de esta tesis, hot core y compact
ridge. Ası´, diferenciamos entre: HC(T≥250 K), HC(150<T<250 K), HC(70<T<150 K), HC(T≤70 K),
CR(T≥250 K), CR(150<T<250 K), CR(70<T<150 K), y CR(T≤70 K).
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Tabla 5.2: Mole´culas de la tesis detectadas en otras fuentes.
CH3CH2CN Orio´n-KL (Johnson et al. 1977), SgrB2 (Miao and Snyder 1997),
G34.3+0.2 (Mehringer and Snyder 1996), TMC-1 (Minh and Irvine 1991)∗,
L134N (Minh and Irvine 1991), IRAS 16293-2422 (Cazaux et al. 2003),
NGC7129 FIRS 2 (Fuente et al. 2014)
313=1/321=1 Orio´n-KL (Daly et al. 2013), SgrB2 (Mehringer et al. 2004),
NGC7129 FIRS 2 (Fuente et al. 2014)
312=1 Orio´n-KL (Daly et al. 2013)
320=1 Orio´n-KL (Daly et al. 2013)
13C Orio´n-KL (Demyk et al. 2007), SgrB2 (Margule`s et al. 2016)
15N Orio´n-KL (Margule`s et al. 2009), SgrB2 (Belloche et al. 2013)
CH2CHCN Orio´n-KL (Blake et al. 1987), SgrB2 (Gardner and Winnewisser 1975),
G34.3+0.2 (Mehringer and Snyder 1996), TMC-1 (Matthews and Sears 1983),
IRC+10216 (Agu´ndez et al. 2008), NGC7129 FIRS 2 (Fuente et al. 2014)
311=1 Orio´n-KL (Schilke et al. 1997), SgrB2 (Nummelin and Bergman 1999),
NGC7129 FIRS 2 (Fuente et al. 2014)
311=2 Orio´n-KL (Lo´pez et al. 2014), SgrB2 (Nummelin and Bergman 1999)
311=3 Orio´n-KL (Lo´pez et al. 2014), SgrB2 (Belloche et al. 2013)
315=1 Orio´n-KL (Schilke et al. 1997), SgrB2 (Nummelin and Bergman 1999)
310=1/(311=1,315=1) Orio´n-KL (Lo´pez et al. 2014)
13C Orio´n-KL (Lo´pez et al. 2014), SgrB2 (Mu¨ller et al. 2008)
CH3OCOH Orio´n-KL (Churchwell et al. 1980), SgrB2 (Brown et al. 1975),
W51 (Churchwell et al. 1980), G34.3+0.15 (MacDonald et al. 1996),
IRAS 16293-2422 (Jørgensen et al. 2016), NGC7129 FIRS 2 (Fuente et al. 2014)
3t=1 Orio´n-KL (Kobayashi et al. 2007), W51e2 (Demyk et al. 2008),
NGC7129 FIRS 2 (Fuente et al. 2014)
3t=2 Orio´n-KL (Takano et al. 2012)
CH3COOH Orio´n-KL (Lo´pez in prep.), SgrB2 (Mehringer et al. 1997),
W51e2 (Remijan et al. 2002), G34.3+0.15 (Remijan et al. 2003),
G19.61-0.23 (Shiao et al. 2010)
3t=1,2 Orio´n-KL (Lo´pez in prep.)
CH2OHCHO Orio´n-KL (Lo´pez in prep.), SgrB2 (Hollis et al. 2000),
G31.41+0.31 (Beltra´n et al. 2009), IRAS 16293-2422 (Jørgensen et al. 2012),
NGC1333 IRAS2A (Coutens et al. 2015), NGC7129 FIRS2 (Fuente et al. 2014)
t-CH3CH2OCH3 Orio´n-KL (Tercero et al. 2015)
gt-n-CH3CH2CH2OH Orio´n-KL (Tercero et al. 2015)
CH3OCOCH3 Orio´n-KL (Tercero et al. 2013)
CH3CH2OCOH Orio´n-KL (Belloche et al. 2009)
Nota. Esta tabla muestra las diferentes mole´culas que hemos analizado en este trabajo y las fuentes en
las que han sido detectadas por primera vez, incluyendo los estados excitados e isotopo´logos en el caso
de las mole´culas que contienen nitro´geno. ∗no detectado en TMC-1 (se aporta un upper limit)
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Tabla 5.3: Densidad de comlumna y emisio´n de las mole´culas con N y O que comprenden esta tesis.
Mole´cula N(cm−2)* T(K) regio´n de emisio´n dominante dsou(”)/offset (”)†
CH3CH2CN (6±2)×1016 275 HC 4/5
CH2CHCN (3.0±0.9)×1015 320 HC 5/2
CH3OCOH (4.0±1.2)×1017 60 SE-CR 4/9
(1.8±0.5)×1017 250 CR 2/9
CH3COOH (3.5±1.1)×1015 110 M-HC 2/1.5
CH2OHCHO (5±2)×1015 110 M-HC 2/1.5
CH3OCOCH3 (4.0±0.5)×1015 150 CR 15/7
CH3CH2OCOH (4.5±1.0)×1014 150 CR 15/7
CH3CH2OCH3 (9±3)×1015 100 CR 3/0
Nota. Esta tabla muestra la densidad de columna en la componente principal de emisio´n de las
diferentes mole´culas (en su estado fundamental) que hemos analizado en este trabajo, ası´ como la
temperatura rotacional obtenido y el taman˜o de la fuente considerado (dsou). El o f f set es la distancia
de la componente respecto a la posicio´n de apuntado (IRc2). ∗correspondiente a la regio´n de emisio´n
dominante; †respecto a la posicio´n de IRc2; SE-CR=South-East Compact Ridge; CR=Compact Ridge;
HC=Hot Core; M-HC=mid Hot Core.
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Tabla 5.4: Densidad de columna de todas las mole´culas con N y
O que comprenden la tesis.
Mole´cula N(cm−2) T(K) regio´n de emisio´n dominante offset (”)
CH3CH2CN
3=0 (g.s.) 6×1016 275 HC 5
8×1015 110 HC 5
3×1015 65 HC 5
(313=1)⇔(321=1) 8×1015 275 HC 5
1.1×1015 110 HC 5
4×1014 65 HC 5
320=1 3×1015 275 HC 5
4×1014 110 HC 5
1.7×1014 65 HC 5
312=1 1.2×1015 275 HC 5
1.6×1014 110 HC 5
6×1013 65 HC 5
13C1 7×1014 275 HC 5
1.9×1014 110 HC 5
7×1013 65 HC 5
13C2 7×1014 275 HC 5
1.9×1014 110 HC 5
7×1013 65 HC 5
13C3 7×1014 275 HC 5
1.9×1014 110 HC 5
7×1013 65 HC 5
15N 2×1014 275 HC 5
5×1013 110 HC 5
1.7×1013 65 HC 5
A-D1 ≤6×1014 275 HC 5
≤2×1014 110 HC 5
≤6×1013 65 HC 5
S-D1 ≤6×1014 275 HC 5
≤1×1014 110 HC 5
≤6×1013 65 HC 5
D2 ≤6×1014 275 HC 5
≤2×1014 110 HC 5
≤6×1013 65 HC 5
CH2CHCN
3=0 (g.s.) 3×1015 320 HC 2
1×1015 100 HC 2
9×1014 200 HC 0
1.3×1015 90 HC 0
311=1 9×1014 320 HC 2
2.5×1014 100 HC 2
311=2 2×1014 320 HC 2
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continued.
Mole´cula N(cm−2) T(K) regio´n de emisio´n dominante offset (”)
5×1013 100 HC 2
311=3 ≤2×1014 320 HC 2
≤5×1013 100 HC 2
315=1 4×1014 320 HC 2
1×1014 100 HC 2
(310=1)⇔(311=1,315=1) 4×1014 320 HC 2
8×1013 100 HC 2
13C1 4×1014 320 HC 2
5×1013 100 HC 2
13C2 4×1014 320 HC 2
5×1013 100 HC 2
13C3 4×1014 320 HC 2
5×1013 100 HC 2
HCD1 ≤4×1014 320 HC 2
≤4×1013 100 HC 2
D1CH ≤4×1014 320 HC 2
≤4×1013 100 HC 2
D2 ≤3×1014 320 HC 2
≤3×1013 100 HC 2
CH3OCOH
3t=0 (g.s.) 1.8×1017 250 M-HC 2
4×1017 60 SE-CR 9
3×1017 150 M-NS 5.5
3t=1 3×1016 250 M-HC 2
4×1016 60 SE-CR 9
4×1016 150 M-NS 5.5
3t=2 9×1015 250 M-HC 2
9×1015 60 SE-CR 9
1.9×1016 150 M-NS 5.5
CH3COOH
3t=0 (g.s.) 5×1015 110 M-HC 1.5
3t=1 4×1015 110 M-HC 1.5
3t=2 4×1015 110 M-HC 1.5
CH2OHCHO 3.5×1015 110 M-HC 1.5
CH3CN(*)
3=0 (g.s.) 1×1016 300 h-CR 3
6×1015 180 o-HC 3
38=1 4×1014 300 h-CR 3
5.4×1014 400 d-HC 3
CH3NC 6×1013 265 averaged(HC/CR/plateau) 3
CH2CHCN ≤3×1014 320 HC 2
≤5×1013 100 HC 2
HCCCN(*)
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continued.
Mole´cula N(cm−2) T(K) regio´n de emisio´n dominante offset (”)
3=0 (g.s.) 2×1014 110 CR 7
1×1015 220 o-HC 2
HCCNC 2×1012 110 CR 7
1×1013 220 o-HC 2
HNCCC 1×1011 110 CR 7
8×1012 220 o-HC 2
NH2CN ≤3×1013 200 HC 2
NH2NC ≤5×1013 200 HC 2
t-CH3CH2OCH3 9×1015 100 CR 3
gt-CH3CH2CH2OH ≤2×1014 100 CR 3
CH3OCOCH3
(AA, EA, AE, E1, E2) 4.2×1015 150 CR 7
CH3CH2OCOH
gauche- 4.5×1014 150 CR 7
trans- 4.5×1014 150 CR 7
Nota. Esta tabla muestra las diferentes mole´culas que hemos analizado en este trabajo, las densidades
de columna y las temperaturas rotacionales obtenidas en el ana´lisiss, la regio´n de la nube dominante
de la que proviene la emisio´n molecular, y el offset de cada componente con respecto a la posicio´n de
apuntado. ∗debido a la gran cantidad de componentes de la nube so´lo tenemos en cuenta la regio´n de
la nube dominante de la que proviene la emisio´n molecular (hot core y compact ridge); CR=Compact
Ridge; HC=Hot Core; M-HC=mid Hot Core; SE-CR=South-East Compact Ridge; M-NS=mid north-
south clump; h-CR=hot Compact Ridge; o-HC=outer Hot Core; d-HC=dense Hot Core.
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Tabla 5.5: Densidad de columna segu´n la temperatura de las
componentes de la nube de todas las mole´culas con N y O que
comprenden la tesis.
Mole´cula/regio´n HC HC HC HC CR CR CR CR
(T≥250) (150>T>250) (70>T>150) (T≤70) (T≥250) (150>T>250) (70>T>150) (T≤70)
EtCN(g.s.) 6×1016 8×1015 3×1015
EtCN-313/321 8×1015 1.1×1015 4×1014
EtCN-320=1 3×1015 4×1014 1.7×1014
EtCN-312=1 1.2×1015 1.6×1014 6×1013
EtCN-13C1 7×1014 1.9×1014 7×1013
EtCN-13C2 7×1014 1.9×1014 7×1013
EtCN-13C3 7×1014 1.9×1014 7×1013
EtCN-15N 2×1014 5×1013 1.7×1013
EtCN-A-D1 6×1014 2×1014 6×1013
EtCN-S-D1 6×1014 1×1014 6×1013
EtCN-D2 6×1014 2×1014 6×1013
VyCN(g.s.) 3×1015 9×1014 1×1015 1.3×1015
VyCN-311=1 9×1014 2.5×1014
VyCN-311=2 2×1014 5×1013
VyCN-311=3 2×1014 5×1013
VyCN-315=1 4×1014 1×1014
VyCN-310/311315 4×1014 8×1013
VyCN-13C1 4×1014 5×1013
VyCN-13C2 4×1014 5×1013
VyCN-13C3 4×1014 5×1013
VyCN-15N 1×1014 2×1013
VyCN-HCD1 4×1014 4×1013
VyCN-D1CH 4×1014 4×1013
VyCN-D2 3×1014 3×1013
MF(g.s.) 1.8×1017 3×1017 4×1017
MF-3t=1 3×1016 4×1016 4×1016
MF-3t=2 9×1015 1.9×1016 9×1015
AA(g.s.) 5×1015
AA-3t=1 4×1015
AA-3t=2 4×1015
GLY 3.5×1015
MeCN(g.s.)∗ 2×1016 1×1016
MeCN-38=1∗ 5.4×1014 4×1014
MeNC 6×1013 6×1013
VyNC 3×1014 5×1013
EtNC 2×1014
HCCCN(g.s.)∗ 1×1015 2×1014
HCCNC 1×1013 2×1012
HNCCC 8×1012 1×1014
CNA 3×1013
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continued.
Mole´cula/regio´n HC HC HC HC CR CR CR CR
(T≥250) (150<T<250) (70<T<150) (T≤70) (T≥250) (150<T<250) (70<T<150) (T≤70)
NCA 5×1013
t-EME 9×1015
gt-propOH 2×1014
AcMe 4.2×1015
g-EF 4.5×1014
t-EF 4.5×1014
Nota. Esta tabla muestra las diferentes mole´culas que hemos analizado en este trabajo, las densidades
de columna de cada componente distribuidas segu´n determinados rangos de temperaturas rotacionales.
Debido a las mu´ltiples subcomponentes de la nube, en algunos casos se han agrupado varias componentes
en las dos componentes principales, hot core y compact ridge (∗). CR=Compact Ridge; HC=Hot
Core; EtCN=cianuro de etilo; VyCN=cianuro de vinilo; MF=formiato de metilo; AA= ´Acido ace´tico;
GLY=clicolaldehı´do; MeNC=isocianuro de metilo; VyNC=isocianuro de vinilo; EtNC=isocianuro de
etilo; CNA=cianamida; NCA=isocianamida; t-EME=trans-etil metil e´ter; gt-PropOH=gauche-trans-
Propanol;AcMe=Acetato de metilo; g(t)-EF=gauche(trans)-formiato de etilo.
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5.6.3 Mole´culas prebio´ticas
Como ya hemos visto a lo largo de la tesis, las mole´culas de nuestro estudio son de naturaleza orga´nica.
Sus grupos funcionales guardan especial relacio´n con muchas de las mole´culas prebio´ticas como las
proteinas. Veamos co´mo puede ser esta conexio´n:
Las mole´culas que contienen el grupo −CN (ciano), son de especial importancia, ya que los enlaces
carbono-nitro´geno son precursores potenciales de aminoa´cidos (NH2CH(R)COOH), proteı´nas, etc.
(Balucani 2009). Por otro lado, las mole´culas que contienen el grupo −COOH (carboxilo) tambie´n
pueden intervenir en la formacio´n de aminoa´cidos y azu´cares (Balucani 2009).
El cianuro de etilo o propionitrilo (CH3CH2CN) podrı´a ser un intermedio en la formacio´n de
aminoa´cidos, por ejemplo al poder actuar como precursor del 2-aminopropionitrilo (CH3CH(NH2)CN)
y mediante reacciones de hidrogenacio´n, del aminoa´cido alanina (NH2CH(CH3)COOH), uno de los 20
aminoa´cidos que componen las proteı´nas (Møllendal et al. 2012). Asimismo, el cianuro de vinilo o
acrilonitrilo (CH2CHCN) es tambie´n un posible precursor de este aminoa´cido.
En realcio´n a los iso´meros de C2H4O, el formiato de metilo (CH3OCOH) podrı´a tener relacio´n de
manera indirecta con mole´culas de intere´s biolo´gico, como el dimetil e´ter (CH3OCH3) debido poseer
un precursor comu´n, el metanol (CH3OH). El a´cido ace´tico (CH3COOH) es un posible precursor de la
glicina (NH2CH2COOH), otro de los 20 amina´cidos que constituyen las proteı´nas (Bennett and Kaiser
2007). El glicolaldehı´do (CH2OHCOH), el azu´car ma´s simple, puede estar implicado en la sı´ntesis de la
Ribosa (C5H10O5), un azu´car implicado en la produccio´n de ARN (Bennett and Kaiser 2007).
Los componentes primigenios que se han detectado hasta el momento en cuerpos del Sistema Solar
(especialmente en los cometas) nos han revelado su naturaleza rica en agua y mole´culas orga´nicas, las
cuales parecen tener un vı´nculo comu´n con el material quı´mico procesado en las nubes moleculares
(Ehrenfreund and Charnley 2000; Irvine 1998; Whipple 1950,1951; Cronin and Chang 1993).
Recientemente se han descubierto mole´culas orga´nicas complejas en el disco proto-planetario de un
sistema estelar jo´ven ( ¨Oberg et al. 2015) demostrando que las COMs podrı´an sobrevivir y desarrollarse en
el ambiente altamente energe´tico de un sistema planetario en formacio´n (donde los choques y radiacio´n
podrı´an romper fa´cilmente los enlaces quı´micos). Estos autores han observado cianuros como CH3CN,
HC3N, y HCN, en el disco de una estrella Herbig de tipo espectral Ae4 de la regio´n de formacio´n estelar
de Tauro. Sugieren que los cometas podrı´an estar actuando como preservadores de mole´culas orga´nicas
en los sistemas planetarios. De hecho, ciertos experimentos de laboratorio han respaldado la produccio´n
de azu´cares y aminoa´cidos a partir de cianuros orga´nicos en ana´logos de granos interestelares (Caro
et al. 2002, ¨Oberg et al. 2009). Por lo que es probable que las mole´culas orga´nicas formadas en la
nebulosa queden resguardadas en cometas y/o en el manto de hielo del polvo interestelar, pudiendo ser
transportadas a entornos donde prospere la quı´mica prebio´tica.
4Es una estrella jo´ven, embebida en la nube de gas y polvo, que au´n no ha entrado en la secuencia principal.
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6.1 Conclusio´n de los resultados
El ana´lisis astrofı´sico de las mole´culas que contienen nitro´geno (CH3CH2CN y CH2CHCN) ha sido
combinado con el ana´lisis de laboratorio, ası´ como con el ca´lculo teo´rico, permitiendo la deteccio´n
interestelar de nuevos estados excitados (CH2CHCN 311=2,3; CH3CH2CN 312=1 y 320=1; CH2CHCN
(310=1)⇔(311=1,315=1), y reducido de manera significativa el nu´mero de lı´neas sin identificar en
el espectro de Orio´n-KL. Para el caso de las mole´culas con oxı´geno (CH3OCOH e iso´meros,
CH3OCOCH3 y CH3CH2OCOH; CH3CH2OCH3), hemos realizado un ana´lisis exhaustivo de sus
distribuciones espaciales y detectado algunas de ellas por primera vez en el espacio (CH3COOH
3t=1,2; CH3OCOCH3; gauche-CH3CH2OCOH; trans-CH3CH2OCH3−deteccio´n tentativa) y en Orio´n-
KL (CH3COOH, CH2OHCHO).
La diferenciacio´n quı´mica se manifiesta en la distinta posicio´n de la que emergen las lı´neas de las
mole´culas con nitro´geno y aquellas con oxı´geno, lo cual puede utilizarse para sugerir posibles rutas
quı´micas de formacio´n de mole´culas. Asimismo, puede perfilarse au´n mejor tras el estudio de iso´meros
funcionales de mole´culas abundantes (como ocurre en el presente trabajo) y con la mejora de los modelos
de quı´mica sobre la superficie de los granos de polvo. Esa diferenciacio´n quı´mica, primordialmente
entre el ”compact ridge” y el ”hot core”, puede tener su origen en las condiciones iniciales anteriores
a la formacio´n de las estrellas de la regio´n, caracterizada por una etapa frı´a que posiblemente acabo´
diferenciando el calentamiento producido en los comienzos de la formacio´n estelar. De este modo, en
el ”hot core”, que fue quiza´ algo ma´s ”caliente” que el ”compact ridge”, la mole´cula de CO en la fase
gas, podrı´a no haber permanecido suficiente tiempo sobre la superficie de los granos de polvo como para
ser hidrogenado a metanol (CH3OH), la mole´cula precursora de las mole´culas orga´nicas con oxı´geno
(Williams & Herbst 2002).
La gran cantidad de lı´neas detectadas correspondientes a las mole´culas de este trabajo, adema´s de
reducir el nu´mero de lı´neas sin identificar en nuestro espectro de la nebulosa de Orio´n-KL, hace ma´s
precisa la estimacio´n de las condiciones fı´sicas y quı´micas de esta regio´n de formacio´n de estrellas
masivas, ası´ como de su estructura. Con esto aportamos unos resultados significativos, que servira´n
como referencia para el estudio espectral de otros hot cores.
6.2 Conclusiones globales de la tesis
La variedad de disciplinas cientı´ficas, que se necesitan para poder llevar a cabo el ana´lisis de
mole´culas orga´nicas complejas observadas en la nube de Orio´n-KL, ha implicado un laborioso estudio
hacia la comprensio´n de temas multidisciplinares tratados durante esta tesis. La colaboracio´n con
grupos de laboratorio permite la deteccio´n de nuevas especies moleculares en el medio interestelar.
Haber participado en la caracterizacio´n e identificacio´n de lı´neas espectrales en el laboratorio, como
los datos aquı´ obtenidos para las mole´culas de cianuro de etilo y cianuro de vinilo, ha supuesto una
gran oportunidad para acercarse au´n ma´s al ana´lisis de estas herramientas de diagno´stico de las nubes
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moleculares. Del mismo modo en que se le da importancia al hecho de tomar uno mismo los datos
espectrales con los radiotelescopios, poder implicarse en el trabajo de laboratorio resulta una experiencia
u´nica y completa para el estudio de las mole´culas orga´nicas complejas interestelares. Gracias a J.
Cernicharo y J. L. Alonso, pude involucrarme en un laboratorio de espectroscopı´a milime´trica de gran
intere´s e impacto cientı´fico (GEM-QUIFIMA).
La posibilidad de acceso a los datos de ALMA SV revela la emisio´n de las mole´culas procedentes
de subregiones de la nube, ayudando a la modelizacio´n de las lı´neas observadas en los datos del
interfero´metro y en los datos del telescopio de antena u´nica (30m de IRAM).
Las mole´culas orga´nicas complejas presentan innumerables lı´neas rotacionales en su espectro, por
ello se requiere un estudio previo exhaustivo de su espectroscopı´a. Esto unido a la gran cantidad de
transiciones moleculares que se emiten en la regio´n de formacio´n de estrellas masivas de Orio´n-KL,
hacen del ana´lisis astrofı´sico un riguroso trabajo de identificacio´n que refleja la complejidad quı´mica que
se presenta en la nube molecular de Orio´n-KL. Gracias al barrido espectral de Orio´n-KL realizado por
B. Tercero se ha podido llevar a cabo la asignacio´n de las nuevas especies moleculares presentes en esta
tesis, que estudiadas en familias de mole´culas, con N y con O, han aportado una comprensio´n au´n ma´s
detallada acerca de sus interrelaciones en la nube molecular.
6.3 Perspectivas futuras
Con el tiempo, se espera poder tener acceso a estados excitados de energı´as vibracionales cada vez
mayores, pertenecientes a mole´culas orga´nicas complejas ya detectadas (como por ejemplo el estado
39=1 o el 311=4 del CH2CHCN, 3t=3 del CH3OCOH) y aquellas que au´n quedan por detectar con la red
de radiotelescopios de ALMA, y otros telescopios de sensibilidad y resolucio´n comparables. Tambie´n
se podra´n detectar nuevas especies moleculares complejas y de gran intere´s prebio´tico, incluso perfilar
las condiciones fisico-quı´micas de la nube de Orio´n-KL gracias al diagno´stico molecular con nuevas
mole´culas, y aportar nuevos resultados que nos ayuden a completar y caracterizar las rutas quı´micas
interestelares, que se desarrollan en regiones de formacio´n de estrellas masivas.
Material Adicional
185
Ape´ndice A
Daly et al. 2013, ApJ, 768, 81
Tabla A.1: Detected lines of CH3CH2CN ν13=1/ν21=1
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc,v − J′K′a,K′c,v′ freq. (MHz) (K) km s−1 km s−1 (K) (K)
91,9,1-81,8,1 80481.139 15.20 330.5 4.3(1) 0.13
92,8,0-82,7,0 80481.228† 15.20 330.5 4.6(1) ”
4.4±0.5 10.6±1.5 0.12 1.4±0.2
92,8,1-82,7,1 80590.893 14.10 325.7 0.7(1,3) 0.09
93,7,0-83,6,0 80592.859† 14.10 325.7 6.6(1,3) ”
93,7,1-83,6,1 80715.621 14.10 325.6 6.0(1,4) 0.13
93,6,0-83,5,0 80715.791† 14.10 325.6 6.6(1,4) ”
94,6,0-84,5,0 80747.552 12.60 333.0 4.0(1,4) 0.22
94,5,2-84,4,2 80747.778† 12.40 333.0 4.8(1,4) ”
94,6,1-84,5,1 80747.927† 12.40 333.0 5.4(1,4) ”
94,5,0-84,4,0 80748.341† 12.60 332.9 6.9(1,4) ”
93,6,2-83,5,2 81419.780 15.20 320.6 4.8(1,3) 0.15
92,7,0-82,6,0 81419.824† 15.20 320.6 5.0(1,3) ”
92,7,2-82,6,2 82517.689 15.80 317.9 4.2(1,5) 0.14
91,8,0-81,7,0 82517.789† 15.80 317.9 4.6(1,5) ”
91,8,3-81,7,3 82541.641 15.70 327.0 3.9(1,6) 0.15
101,10,0-91,9,0 86978.463 17.60 321.1 4.6(1) 0.17
101,9,2-91,8,2 86978.480† 17.60 321.1 4.6(1) ”
4.6±0.5 11.6±1.4 0.16 2.0±0.2
100,10,2-90,9,2 88398.478 17.70 320.5 4.4(1,3) 0.25
100,10,0-90,9,0 88398.507† 17.70 320.5 4.5(1,3) ”
100,10,3-90,9,3 88508.838 17.60 329.5 3.2(1,7) 0.20
100,10,5-90,9,5 88509.322† 17.60 329.5 4.8(1,7) ”
102,9,3-92,8,3 89340.217 16.80 334.5 4.8(1) 0.17
101,9,5-91,8,5 89340.770† 16.80 334.5 6.6(1) ”
5.8±0.2 8.8±0.4 0.16 1.49±0.06
102,9,1-92,8,1 89342.467 15.70 329.9 3.9(1) 0.15
3.8±0.4 9.4±0.5 0.12 1.22±0.03
103,8,0-93,7,0 89348.007 15.70 329.9 4.7(1) 0.09
4.7±0.4 14.3±1.2 0.08 1.19±0.08
101,10,1-91,9,1 89368.428 16.90 324.8 5.0(1,4) 0.18
102,9,0-92,8,0 89368.542† 16.90 324.8 5.4(1,4) ”
186
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Tabla A.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc,v − J′K′a,K′c,v′ freq. (MHz) (K) km s−1 km s−1 (K) (K)
104,7,3-94,6,3 89641.453 14.30 348.9 2.6(1,4) 0.29
104,7,4-94,6,4 89641.998† 14.30 348.9 4.4(1,4) ”
104,6,3-94,5,3 89642.132† 14.30 349.0 4.9(1,4) ”
104,6,5-94,5,5 89642.436† 14.30 348.9 5.9(1,4) ”
104,7,0-94,6,0 89738.630 14.50 337.2 1.6(1) 0.26
104,6,2-94,5,2 89738.894† 13.90 337.2 2.4(1) ”
104,7,1-94,6,1 89739.860† 13.90 337.2 5.7(1) ”
104,6,0-94,5,0 89740.033† 14.50 337.2 6.3(1) ”
102,8,3-92,7,3 90367.017 16.80 334.6 3.1(1,8) 0.19
102,8,5-92,7,5 90367.596† 16.80 334.6 5.1(1,8) ”
103,7,2-93,6,2 90632.644 16.90 325.0 5.1(1) 0.17
102,8,0-92,7,0 90633.814† 16.90 325.0 5.3(1) ”
Wide comp. 0.8±1.3 17.5±1.8 0.08 1.5±0.2
Narrow comp. 5.7±0.3 7.1±0.9 0.12 0.9±0.2
102,8,2-92,7,2 91603.442 17.50 322.4 4.1(1,4) 0.27
101,9,0-91,8,0 91603.558† 17.50 322.4 4.4(1,4) ”
101,9,3-91,8,3 91662.328 17.40 331.4 3.5(1) 0.24
102,9,4-92,8,4 91663.226† 17.40 331.4 6.5(1) ”
111,11,0-101,10,0 95611.489 19.20 325.7 4.4(1) 0.28
111,10,2-101,9,2 95611.506† 19.20 325.7 4.5(1) ”
Wide comp. 0.9±0.5 19.8±0.6 0.10 2.02±0.12
Narrow comp. 4.67±0.12 6.5±0.3 0.17 1.17±0.06
110,11,2-100,10,2 96991.897 19.30 325.2 4.5(1) 0.36
110,11,0-100,10,0 96991.928† 19.30 325.2 4.6(1) ”
110,11,3-100,10,3 97152.908 19.20 334.1 3.4(1) 0.22
110,11,5-100,10,5 97153.431† 19.20 334.1 5.0(1) ”
112,10,3-102,9,3 98227.206 18.50 339.2 5.9(1) 0.25
111,10,5-101,9,5 98227.798† 18.50 339.2 7.7(1) ”
111,11,1-101,10,1 98238.205 18.60 329.5 3.5(1) 0.30
112,10,0-102,9,0 98238.349† 18.60 329.5 3.9(1) ”
116,6,1-106,5,1 98617.867 12.80 362.9 1.8(1) 0.75
116,5,2-106,4,2 98617.907† 12.80 362.9 1.7(1) ”
114,8,3-104,7,3 98619.451† 16.20 353.6 3.0(1) ”
115,7,3-105,6,3 98620.275† 0.94 364.4 5.5(1) ”
115,6,3-105,5,3 98620.290† 0.94 364.4 5.5(1) ”
114,8,4-104,7,4 98620.377† 16.20 353.6 5.8(1) ”
115,7,4-105,6,4 98620.410† 14.50 364.4 5.9(1) ”
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Tabla A.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc,v − J′K′a,K′c,v′ freq. (MHz) (K) km s−1 km s−1 (K) (K)
114,7,3-104,6,3 98620.805† 16.20 353.6 7.1(1) ”
114,7,5-104,6,5 98620.821† 16.20 353.6 7.2(1) ”
115,6,5-105,5,5 98621.018† 14.50 364.4 7.8(1) ”
113,9,3-103,8,3 98642.029 17.50 345.3 4.6(1) 0.23
113,8,5-103,7,5 98644.506 17.40 345.3 6.0(1) 0.25
114,8,0-104,7,0 98735.640 16.40 342.0 4.5(1,5) 0.28
114,7,2-104,6,2 98735.773† 15.90 342.0 4.9(1,5) ”
114,8,1-104,7,1 98738.682 15.90 342.0 5.3(1,5) 0.36
114,7,0-104,6,0 98739.060† 16.40 342.0 6.4(1,5) ”
112,9,3-102,8,3 99566.134 18.50 339.4 3.1(1) 0.24
112,9,5-102,8,5 99566.817† 18.50 339.4 5.2(1) ”
113,8,2-103,7,2 99879.830 18.60 329.7 4.4(1) 0.28
112,9,0-102,8,0 99879.889† 18.60 329.7 4.6(1) ”
112,9,2-102,8,2 100659.254 19.20 327.2 5.1(1,10,11) 0.53
111,10,0-101,9,0 100659.390† 19.20 327.2 5.6(1,10,11) ”
111,10,3-101,9,3 100764.007 19.00 336.3 3.5(1) 0.24
112,10,4-102,9,4 100764.998† 19.00 336.3 6.5(1) ”
120,12,2-110,11,2 105539.535 20.90 330.3 4.6(1) 0.35
120,12,0-110,11,0 105539.568† 20.90 330.3 4.6(1) ”
120,12,3-110,11,3 105754.835 20.80 339.2 3.7(1) 0.38
120,12,5-110,11,5 105755.397† 20.80 339.2 5.3(1) ”
121,12,1-111,11,1 107088.634 20.30 334.6 4.2(1) 0.38
122,11,0-112,10,0 107088.813† 20.30 334.6 4.7(1) ”
122,11,3-112,10,3 107101.610 20.10 344.3 3.7(1) 0.35
121,11,5-111,10,5 107102.246† 20.10 344.3 5.5(1) ”
124,9,3-114,8,3 107601.242 17.90 358.8 0.7(1,10) 0.71
124,9,4-114,8,4 107602.854† 17.90 358.8 3.8(1,10) ”
124,8,5-114,7,5 107603.199† 17.90 358.8 4.8(1,10) ”
124,8,3-114,7,3 107603.774† 17.90 358.8 6.4(1,10) ”
124,9,1-114,8,1 107745.272 18.00 347.2 5.0(1) 0.33
124,8,0-114,7,0 107745.539† 18.20 347.2 5.7(1) ”
122,10,3-112,9,3 108794.120 20.10 344.6 3.8(1) 0.33
122,10,5-112,9,5 108794.907† 20.10 344.6 5.9(1) ”
122,10,2-112,9,2 109680.271 20.80 332.5 4.1(1,12) 0.42
121,11,0-111,10,0 109680.429† 20.80 332.5 4.5(1,12) ”
121,11,3-111,10,3 109843.668 20.60 341.6 3.1(1) 0.36
122,11,4-112,10,4 109844.749† 20.60 341.6 6.0(1) ”
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Tabla A.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc,v − J′K′a,K′c,v′ freq. (MHz) (K) km s−1 km s−1 (K) (K)
131,13,0-121,12,0 109833.472 22.40 336.1 5.0(1) 0.30
131,12,2-121,11,2 109833.486† 22.40 336.1 5.0(1) ”
4.4±0.4 13.7±1.1 0.28 4.1±0.3
130,13,2-120,12,2 114048.398 22.50 335.7 4.3(1) 0.44
130,13,0-120,12,0 114048.432† 22.50 335.7 4.4(1) ”
130,13,3-120,12,3 114319.470 22.30 344.7 3.4(1,13) 0.43
130,13,5-120,12,5 114320.071† 22.30 344.7 4.9(1,13) ”
151,15,0-141,14,0 129998.719 25.40 348.2 4.7(1) 0.43
151,14,2-141,13,2 129998.731† 25.40 348.2 4.7(1) ”
Wide comp. 1.6±0.9 32.3±3.2 0.13 4.6±0.2
Narrow comp. 4.8±0.12 7.8±0.4 0.31 2.6±0.2
152,14,1-142,13,1 130196.054 25.00 357.2 2.4(1,14) 0.47
151,15,3-141,14,3 130197.344† 25.00 357.2 5.4(1,14) ”
150,15,2-140,14,2 130982.537 25.40 347.9 4.8(1) 0.55
150,15,0-140,14,0 130982.571† 25.40 347.9 4.9(1) ”
Wide comp. 5.1±0.4 25.8±1.7 0.22 6.1±0.3
Narrow comp. 4.8±0.12 6.5±0.5 0.33 2.3±0.2
150,15,3-140,14,3 131364.195 25.20 356.9 3.8(1) 0.48
150,15,5-140,14,5 131364.889† 25.20 356.9 5.4(1) ”
Wide comp. 2.4±0.3 23.4±1.4 0.15 3.78±0.12
Narrow comp. 5.0±0.08 6.9±0.2 0.33 2.45±0.06
151,15,1-141,14,1 133504.665 24.90 352.6 3.8(1) 0.61
152,14,0-142,13,0 133504.998† 24.90 352.6 4.6(1) ”
3.8±0.2 12.2±0.6 0.57 7.4±0.3
152,14,3-142,13,3 133644.412 24.60 362.3 4.7(1,15) 0.66
154,12,1-144,11,1 133645.198† 24.60 362.3 6.5(1,15) ”
156,10,1-146,9,1 134616.201 21.70 374.6 4.5(1,4) 0.82
156,9,2-146,8,2 134616.380† 21.70 374.6 4.9(1,4) ”
155,11,0-145,10,0 134616.440† 20.30 374.6 5.1(1,4) ”
155,10,0-145,9,0 134616.579† 20.30 374.6 5.4(1,4) ”
155,10,2-145,9,2 134793.384 23.00 365.2 4.4(1,5) 0.51
154,12,0-144,11,0 134793.532† 23.10 365.2 4.8(1,5) ”
153,12,3-143,11,3 134920.841 23.80 368.6 5.3(1,16) 0.59
152,14,4-142,13,4 134921.414† 23.80 368.6 6.6(1,16) ”
153,12,2-143,11,2 137047.481 24.80 353.4 4.0(1) 0.84
152,13,0-142,12,0 137047.590† 24.80 353.4 4.2(1) ”
161,16,0-151,15,0 138561.581 26.80 354.8 4.9(1,5) 0.74
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Tabla A.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc,v − J′K′a,K′c,v′ freq. (MHz) (K) km s−1 km s−1 (K) (K)
161,15,2-151,14,2 138561.591† 26.80 354.8 4.9(1,5) ”
162,15,1-152,14,1 138748.846 26.40 363.9 3.6(1) 0.71
161,16,3-151,15,3 138749.282† 26.40 363.9 4.5(1) ”
160,16,2-150,15,2 139423.746 26.80 354.6 4.1(1,17) 0.97
160,16,0-150,15,0 139423.778† 26.80 354.6 4.2(1,17) ”
160,16,3-150,15,3 139860.184 26.50 363.6 4.0(1) 1.00
160,16,5-150,15,5 139860.937† 26.50 363.6 5.6(1) ”
161,16,1-151,15,1 142258.108 26.30 359.4 3.9(1) 0.72
162,15,0-152,14,0 142258.514† 26.30 359.4 4.8(1) ”
162,15,3-152,14,3 142464.804 26.00 369.1 2.8(1,4) 0.92
166,11,1-156,10,1 143615.702 23.20 381.5 5.1(1,4) 1.99
166,10,2-156,9,2 143615.888† 23.20 381.5 5.5(1,4) ”
165,12,0-155,11,0 143615.900† 22.70 381.5 5.5(1,4) ”
1611,6,1-1511,5,1 143615.931† 11.50 483.5 5.6(1,4) ”
1611,5,2-1511,4,2 143616.108† 11.50 483.5 5.9(1,4) ”
165,11,0-155,10,0 143616.155† 22.70 381.5 6.0(1,4) ”
167,10,4-157,9,4 143770.696 18.80 422.8 4.2(1) 1.06
167,9,5-157,8,5 143771.715† 18.80 422.8 6.3(1) ”
165,11,2-155,10,2 143828.018 24.50 372.1 4.7(1) 0.88
164,13,0-154,12,0 143828.179† 24.50 372.1 5.1(1) ”
163,13,3-153,12,3 144027.853 25.30 375.5 4.6(1,10) 0.97
162,15,4-153,14,4 144028.579† 25.30 375.5 6.1(1,10) ”
163,13,0-153,12,0 144268.658 25.50 365.0 3.9(1,18) 0.76
164,12,2-154,11,2 144269.536† 25.50 365.0 5.8(1,18) ”
162,14,2-152,13,2 145304.881 26.60 357.8 3.9(1,19) 0.90
161,15,0-151,14,0 145305.196† 26.60 357.8 4.5(1,19) ”
162,14,3-152,13,3 145834.926 26.00 369.9 3.6(1,3) 0.74
163,13,2-153,12,2 146333.380 26.30 360.4 5.3(1) 0.64
162,14,0-152,13,0 146333.506† 26.30 360.4 5.8(1) ”
171,17,0-161,16,0 147112.367 28.10 361.9 5.6(1,3) 0.89
171,16,2-161,15,2 147112.376† 28.10 361.9 5.6(1,3) ”
170,17,2-160,16,2 147856.634 28.20 361.7 4.7(1) 0.92
170,17,0-160,16,0 147856.665† 28.20 361.7 4.8(1) ”
4.7±0.3 10.2±0.8 0.82 8.9±0.5
171,17,1-161,16,1 150981.853 27.60 366.7 4.5(1) 0.71
172,16,0-162,15,0 150982.348† 27.60 366.7 5.5(1) ”
172,16,3-162,15,3 151272.117 27.40 376.4 3.4(1) 0.76
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Tabla A.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc,v − J′K′a,K′c,v′ freq. (MHz) (K) km s−1 km s−1 (K) (K)
175,12,2-165,11,2 152871.989 26.00 379.5 4.4(1) 0.81
174,14,0-164,13,0 152872.156† 26.00 379.5 4.7(1) ”
174,13,0-164,12,0 152953.661 26.00 379.5 5.3(1,20) 1.28
172,15,2-162,14,2 154066.310 27.90 365.1 4.6(1,18) 0.91
171,16,0-161,15,0 154066.691† 27.90 365.1 5.3(1,18) ”
172,15,3-162,14,3 155073.918 27.40 374.4 3.3(1,21) 0.98
172,15,5-162,14,5 155075.312† 27.40 374.4 6.0(1,21) ”
173,14,2-163,13,2 155597.154 27.60 367.9 4.7(1) 1.09
172,15,0-162,14,0 155597.302† 27.60 367.9 5.0(1) ”
181,18,3-171,17,3 155915.641 29.00 378.5 4.4(1) 1.12
181,17,5-171,16,5 155915.943† 29.00 378.5 5.0(1) ”
181,18,1-171,17,1 159673.343 28.90 374.3 5.1(1,22) 1.19
182,17,0-172,16,0 159673.946† 28.90 374.3 6.2(1,22) ”
184,14,0-174,13,0 162051.232 27.30 387.2 4.8(1) 1.14
183,15,3-173,14,3 162326.688 27.90 390.6 2.8(1,23,24) 1.12
183,16,4-173,15,4 162327.647† 27.90 390.6 4.6(1,23,24) ”
183,15,0-173,14,0 162726.506 28.30 380.3 4.9(1) 1.08
184,14,2-174,13,2 162726.805† 28.30 380.3 5.4(1) ”
182,16,2-172,15,2 162758.366 29.20 373.0 5.2(1) 1.22
181,17,0-171,16,0 162758.831† 29.20 373.0 6.1(1) ”
181,17,3-171,16,3 163675.769 29.00 382.3 4.0(1) 1.12
181,18,4-171,17,4 163677.333† 29.00 382.3 6.9(1) ”
191,19,0-181,18,0 164181.504 30.70 377.2 5.0(1) 0.88
191,18,2-181,17,2 164181.510† 30.70 377.2 5.0(1) ”
Wide comp. 3.2±0.2 17.0±0.3 0.52 9.4±0.2
Narrow comp. 5.19±0.12 4.7±0.2 0.38 1.89±0.09
182,16,3-172,15,3 164279.531 28.60 385.3 3.7(1,3) 0.86
191,19,3-181,18,3 164515.941 30.10 386.3 4.4(1) 0.88
191,18,5-181,17,5 164516.483† 30.10 386.3 4.4(1) ”
Wide comp. 3.1±0.5 21.7±1.4 0.40 9.2±0.5
Narrow comp. 4.8±0.2 5.0±0.5 0.48 2.5±0.4
190,19,2-180,18,2 164715.544 30.70 377.1 4.76(1) 0.87
190,19,0-180,18,0 164715.571† 30.70 377.1 4.81(1) ”
4.81±0.14 10.2±0.4 0.80 8.7±0.2
183,15,2-173,14,2 164830.575 28.90 375.8 4.49(1) 0.87
182,16,0-172,15,0 164830.748† 28.90 375.8 4.80(1) ”
Wide comp. 3.3±0.6 28.8±2.0 0.28 8.4±0.4
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Tabla A.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc,v − J′K′a,K′c,v′ freq. (MHz) (K) km s−1 km s−1 (K) (K)
Narrow comp. 4.65±0.12 7.0±0.4 0.58 4.3±0.4
190,19,3-180,18,3 165337.926 30.10 386.2 4.7(1) 1.22
190,19,5-180,18,5 165338.932† 30.10 386.2 4.7(1) ”
192,18,3-182,17,3 168851.117 29.90 392.2 4.4(1) 1.03
192,17,5-182,16,5 168852.111† 29.90 392.2 6.2(1) ”
195,15,0-185,14,0 170645.215 27.40 404.7 4.8(1) 1.62
195,14,2-185,13,2 170645.387† 27.00 404.7 5.1(1) ”
195,15,1-185,14,1 170645.757† 27.00 404.7 5.7(1) ”
195,14,0-185,13,0 170646.470† 27.40 404.7 7.0(1) ”
194,16,4-184,15,4 170657.214 28.20 407.0 4.8(1) ”
193,17,1-183,16,1 170991.490 28.60 395.4 5.0(1) 0.90
194,16,0-184,15,0 170991.654† 28.60 395.4 5.3(1) ”
192,17,2-182,16,2 171176.428 30.40 381.2 4.7(1,25) 1.04
191,18,0-181,17,0 171377.001† 30.40 381.2 5.7(1,25) ”
193,16,0-183,15,0 171997.358 29.50 388.4 4.6(1) 1.19
194,15,2-184,14,2 171997.537† 29.50 388.4 5.0(1) ”
201,20,0-191,19,0 172701.813 31.90 385.5 6.0(1) 1.71
201,19,2-191,18,2 172701.818† 31.90 385.5 6.0(1) ”
200,20,2-190,19,2 173147.161 31.90 385.4 4.1(1,26) 1.68
200,20,0-190,19,0 173147.185† 31.90 385.4 4.2(1,26) ”
192,17,3-182,18,3 173437.820 29.80 393.6 2.8(1) 1.52
193,16,5-183,15,5 173439.546† 29.80 393.6 5.8(1) ”
200,20,3-190,19,3 173849.756 31.00 394.5 4.2(1) 1.49
200,20,5-190,19,5 173850.870† 31.00 394.5 6.2(1) ”
193,16,2-183,15,2 174026.415 30.20 384.2 5.3(1,5,10) 1.30
192,17,0-182,16,0 174026.617† 30.20 384.2 5.7(1,5,10) ”
231,23,0-221,22,0 198216.981 35.10 412.8 4.8(1,10) 1.14
231,22,2-221,21,2 198216.982† 35.10 412.8 4.8(1,10) ”
230,23,2-224,22,2 198263.403 35.10 412.8 4.9(1,23) 1.76
230,23,0-220,22,0 198263.420† 35.10 412.8 4.9(1,23) ”
221,21,3-211,20,3 198751.960 33.30 417.9 3.6(1,16) 1.79
221,22,4-211,21,4 198753.752† 33.30 417.9 6.3(1,16) ”
224,19,1-214,18,1 198836.558 32.00 422.8 4.0(1) 0.76
224,18,0-214,17,0 198837.498† 32.00 422.8 5.4(1) ”
4.8±0.3 8.8±1.0 0.65 6.2±1.4
231,23,3-221,22,3 199226.137 18.80 422.1 1.6(1,27) 0.61
231,22,5-221,21,5 199226.137† 18.70 422.0 5.8(1,27) ”
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Tabla A.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc,v − J′K′a,K′c,v′ freq. (MHz) (K) km s−1 km s−1 (K) (K)
230,23,3-220,22,3 199384.894 18.70 422.0 5.3(1,26) 1.14
230,23,5-220,22,5 199385.426† 18.60 422.0 6.1(1,26) ”
223,19,0-213,18,0 199388.153 32.90 415.9 4.6(1) 1.01
223,20,1-213,19,1 199388.153† 32.90 415.9 4.6(1) ”
Wide comp. 3.0±0.5 15.1±1.0 0.61 9.7±0.8
Narrow comp. 4.8±0.2 4.5±0.7 0.58 2.1±0.6
222,20,3-212,19,3 200478.063 33.00 421.2 2.5(1,24) 1.11
223,19,5-213,18,5 200480.458† 33.00 421.2 6.0(1,24) ”
223,19,2-213,15,2 201324.899 33.50 411.8 4.5(1) 1.18
222,20,0-212,19,0 201325.225† 33.50 411.8 5.0(1) ”
232,22,3-222,21,3 203914.467 34.10 428.8 3.8(1) 1.39
232,21,5-222,20,5 203915.730† 34.10 428.8 5.7(1) ”
232,22,1-222,21,1 205598.563 34.00 425.0 4.4(1) 1.49
233,21,0-223,20,0 205599.334† 34.00 425.0 4.4(1) ”
235,18,2-225,17,2 206770.332 31.90 441.8 4.3(1) 1.01
235,19,0-225,18,0 206770.542† 32.00 441.8 4.6(1) ”
235,19,1-225,18,1 206777.473 31.90 441.8 5.0(1,23) 0.95
235,18,0-225,17,0 206777.873† 32.00 441.8 5.6(1,23) ”
240,24,2-230,23,2 206909.407 36.00 422.7 4.7(1,10) 1.71
234,19,3-224,18,3 206909.421† 32.60 444.1 4.8(1,10) ”
240,24,0-230,23,0 206909.422† 36.00 422.7 4.8(1,10) ”
234,20,4-224,19,4 206910.309† 32.60 444.1 6.0(1,10) ”
231,22,3-221,21,3 207415.760 34.30 427.9 3.2(1) 1.50
231,23,4-221,22,4 207417.589† 34.30 427.8 5.9(1) ”
241,24,3-231,23,3 208099.627 25.60 432.1 3.3(1,28) 1.06
241,23,5-231,22,5 208101.958† 25.60 432.1 3.6(1,28) ”
233,21,3-223,20,3 209302.450 33.90 431.2 3.7(1) 1.88
233,20,5-223,19,5 209305.066† 33.90 431.2 7.5(1) ”
233,20,2-223,19,2 210307.395 34.40 421.9 4.3(1) 1.73
233,21,0-223,20,0 210307.786† 34.40 421.9 4.8(1) ”
241,24,1-231,23,1 210956.862 35.50 429.0 4.1(1,22) 0.85
242,23,0-232,22,0 210958.763† 35.50 429.0 6.8(1,22) ”
Wide comp. 5.3±0.2 14.9±0.8 0.48 7.6±0.3
Narrow comp. 5.71±0.09 4.5±0.4 0.38 1.8±0.3
242,23,3-232,22,3 212676.347 35.00 439.1 4.1(1) 1.16
242,22,5-232,21,5 212677.711† 35.00 439.0 6.0(1) ”
242,22,2-232,21,2 213283.190 35.60 428.4 3.3(1) 1.06
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Tabla A.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc,v − J′K′a,K′c,v′ freq. (MHz) (K) km s−1 km s−1 (K) (K)
241,23,0-231,22,0 213284.910† 35.60 428.4 5.7(1) ”
250,25,2-240,24,2 215358.416 36.90 433.0 5.2(1) 1.50
250,25,0-240,24,0 215358.430† 36.90 433.0 5.3(1) ”
246,19,1-236,18,1 215475.954 31.70 463.6 4.7(1,23) 2.04
246,18,2-236,17,2 215476.285† 31.70 463.6 5.2(1,23) ”
246,19,0-236,18,0 215476.528† 22.50 463.6 5.5(1,23) ”
246,18,0-236,17,0 215476.718† 22.50 463.6 5.8(1,23) ”
245,20,4-235,19,4 215558.703 32.00 465.1 3.2(1) 1.13
245,19,3-235,18,3 215560.798† 32.40 465.1 6.1(1) ”
244,20,3-234,19,3 216012.388 33.60 454.5 4.4(1) 1.30
244,21,4-234,20,4 216013.429† 33.60 454.5 5.8(1) ”
241,23,3-231,22,3 216044.679 35.10 438.2 3.6(1) 1.28
241,24,4-231,23,4 216046.534† 35.10 438.2 6.2(1) ”
250,25,3-240,24,3 216523.771 33.80 442.5 3.6(1) 1.09
250,25,5-240,24,5 216526.068† 33.80 442.5 6.8(1) ”
254,20,2-241,19,2 216543.861 34.00 443.0 4.7(1) 1.08
254,21,0-241,20,0 216543.957† 34.00 443.0 4.8(1) ”
261,25,2-251,24,2 223680.347 37.70 443.8 4.7(1) 1.70
261,26,0-251,25,0 223680.348† 37.70 443.8 4.7(1) ”
260,26,2-250,25,2 223809.900 37.70 443.8 5.6(1) 1.75
260,26,0-250,25,0 223809.913† 37.70 443.8 5.7(1) ”
254,22,1-244,21,1 226989.104 34.90 454.1 4.0(1,7) 2.14
254,21,0-244,20,0 226990.269† 34.90 454.1 5.5(1,7) ”
261,26,1-251,25,1 227624.578 37.20 450.4 3.6(1) 2.15
262,25,0-252,24,0 227627.196† 37.20 450.4 7.1(1) ”
262,24,2-252,23,2 229502.376 37.20 450.0 4.2(1,5) 1.07
261,25,0-251,24,0 229504.946† 37.20 450.0 7.5(1,5) ”
265,22,1-255,21,1 233967.759 34.70 474.2 5.4(1,14) 0.37
265,21,0-255,20,0 233968.101† 34.70 474.2 5.9(1,14) ”
264,22,3-254,21,3 234280.549 35.20 476.6 4.8(1,29) 1.57
264,23,4-254,22,4 234281.823† 35.20 476.6 6.5(1,29) ”
270,27,5-260,26,5 234362.806 37.40 464.5 7.0(1) 1.44
271,27,1-261,26,1 235866.279 37.90 461.7 2.3(1) 1.14
272,26,0-262,25,0 235869.249† 37.90 461.7 6.1(1) ”
264,23,1-254,22,1 236408.854 35.80 465.5 4.3(1) 1.53
264,22,0-254,21,0 236409.828† 35.80 465.5 5.5(1) ”
263,23,3-253,22,3 236648.882 36.10 469.0 4.2(1,25) 1.59
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Tabla A.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc,v − J′K′a,K′c,v′ freq. (MHz) (K) km s−1 km s−1 (K) (K)
281,27,2-271,26,2 240635.450 39.20 466.5 5.1(1) 1.58
281,28,0-271,27,0 240635.452† 39.20 466.5 5.1(1) ”
273,25,1-263,24,1 246800.036 37.20 470.6 4.8(1) 1.97
273,24,0-263,23,0 246800.149† 37.20 470.6 4.9(1) ”
292,28,1-282,27,1 252191.246 39.20 485.5 2.0(1) 1.39
292,28,0-282,27,0 252194.705† 39.20 485.5 6.1(1) ”
282,26,3-272,25,3 252441.465 37.60 487.7 4.2(1) 1.73
283,26,1-273,25,1 256090.222 37.80 483.0 4.8(1,30,31) 0.74
283,25,0-273,24,0 256090.358† 37.80 483.0 5.0(1,30,31) ”
301,29,2-291,28,2 257578.164 40.30 490.8 5.2(1,32) 0.68
301,30,0-291,29,0 257578.166† 40.30 490.8 5.2(1,32) ”
293,26,2-283,25,2 257619.724 38.60 493.0 5.6(1,4) 0.80
293,27,0-283,26,0 257623.517† 38.60 493.0 5.6(1,4) ”
300,30,2-290,29,2 257630.349 40.30 490.8 5.4(1) 0.71
300,30,0-290,29,0 257630.356† 40.30 490.8 5.4(1) ”
291,28,3-281,27,3 258792.182 35.00 496.2 5.1(1) 0.73
292,28,4-282,27,4 258792.707† 34.90 496.2 5.7(1) ”
296,23,2-286,22,2 260594.218 35.00 521.8 4.1(1) 4.30
296,24,0-286,23,0 260594.282† 35.20 521.8 4.2(1) ”
296,24,1-286,23,1 260594.716† 35.00 521.8 4.6(1) ”
296,23,0-286,22,0 260595.697† 35.20 521.8 5.8(1) ”
295,24,3-285,23,3 260771.847 36.10 523.3 4.7(1) 2.64
295,25,4-285,24,4 260772.535† 36.10 523.3 5.5(1) ”
294,26,3-284,25,3 260815.923 37.20 512.7 3.7(1) 2.72
293,26,5-283,25,5 260817.440† 37.20 512.7 5.5(1) ”
295,25,1-285,24,1 261207.556 36.70 510.5 4.8(1) 2.23
295,25,0-285,24,0 261207.787† 36.80 510.5 5.0(1) ”
294,25,0-284,24,0 264276.041 37.90 502.2 5.8(1) 1.37
294,26,1-284,25,1 264276.121† 37.90 502.2 5.9(1) ”
293,26,3-283,25,3 264614.183 38.00 505.7 3.2(1) 1.02
294,26,4-284,25,4 264616.242† 38.00 505.7 5.5(1) ”
293,27,1-283,26,1 265331.381 38.40 495.7 4.5(1,22) 0.79
293,26,0-283,25,0 265331.543† 38.40 495.7 4.6(1,22) ”
Wide comp. 3.3±0.6 25.7±1.5 0.31 3.6±0.2
Narrow comp. 4.59±0.12 7.06±0.05 0.49 8.4±0.3
304,26,3-294,25,3 271124.448 37.70 526.0 4.2(1) 1.31
304,26,5-294,25,5 271126.104† 37.70 526.0 6.1(1) ”
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Tabla A.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc,v − J′K′a,K′c,v′ freq. (MHz) (K) km s−1 km s−1 (K) (K)
304,27,0-294,26,0 272018.523 38.20 514.7 4.7(1) 2.06
304,26,2-294,25,2 272018.539† 38.20 514.7 4.7(1) ”
Tabla A1. Emission lines of CH3CH2CN ν13=1/ν21=1 present in the spectral scan of the Orion KL
from the radio-telescope of IRAM 30-m. Column 1 indicates the line transition, the v quantum number
defines A and E states: v=0 is A for the bend and v=3 is A for the torsion; v=1 and 2 are E for the bend
and v=4 and 5 are E for the torsion, Col. 2 gives the predicted frequency in the laboratory, Col. 3 the
line strength, Col. 4 upper level energy, Col. 5 observed radial velocities, Col. 6 the line widths derived
by gaussian fits, Col. 7 mean beam temperature,and Col. 8 shows the area of the line. For some not
blended lines we give line parameters obtained by Gaussian fits. † blended with the last one.
(1) peak line observed velocity. (2) peak line intensity. (3) blended with U-line. (4) blended with
CH3CH2CN ν20. (5) blended with (CH3)2CO. (6) blended with HC13CCN. (7) blended with HC13CCN
ν7=1. (8) blended with E-CH3OD. (9) blended with Si18O v=0-3. (10) blended with E-HCOOCH3.
(11) blended with t-CH3CH2OH. (12) blended with 33SO2. (13) blended with CH3CHO νt=2. (14)
blended with SO18O. (15) blended with SO2 ν2=1. (16) blended with HCOOH. (17) blended with
CH3CH2C15N. (18) blended with CH2CHCN ν11=1. (19) blended with CH2CHCN ν15. (20) blended
with 34SO2. (21) blended with HCCCN. (22) influence of CH3CH2CN ν12. (23) blended with
CH3CH2CN. (24) blended with A-HCOOCH3. (25) blended with CH3OH, νt=0,1. (26) blended with
g-CH3CH2OH. (27) blended with 13CH3OH, νt=0,1. (28) blended with CH213CHCN νt=0. (29)
blended with CH3OCH3. (30) blended with SO17O. (31) blended with A-HCOO13CH3. (32) blended
with E-HCOO13CH3.
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Tabla A.2: Detected lines of CH3CH2CN ν20
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc − J′K′a,K′c freq. (MHz) (K) km s−1 km s−1 (K) (K)
92,8-82,7 80470.356 8.55 567.6 4.7(1) 0.03
5.8±0.7 11.3±1.5 0.03 0.40±0.05
96,4-86,3 80665.506 5.00 602.9 2.0(1,3) 0.25
96,3-86,2 80665.506† 5.00 602.9 2.0(1,3) ”
95,5-85,4 80668.091† 6.22 590.8 7.6(1,3) ”
95,4-85,3 80668.091† 6.22 590.8 7.6(1,3) ”
97,3-87,2 80669.367† 3.56 617.2 5.7(1,3) ”
97,2-87,1 80669.367† 3.56 617.2 5.7(1,3) ”
92,7-82,6 81319.905 8.55 567.7 6.1(1,4) 0.07
91,8-81,7 82506.659 8.88 564.8 6.1(1) 0.05
6.0±0.3 4.6±0.7 0.04 0.21±0.03
104,7-94,6 89660.494 8.40 585.2 2.3(1,5) 0.14
104,6-94,5 89661.472† 8.40 585.2 5.6(1,5) ”
103,7-93,6 89754.552 9.10 577.5 5.7(1,5) 0.07
102,8-92,7 90516.931 9.60 572.1 5.4(1) 0.06
5.5±0.4 9.8±1.6 0.05 0.54±0.10
111,11-101,10 95548.551 10.90 572.5 5.5(1) 0.06
111,11-101,10 97010.944 11.00 572.0 6.4(1) 0.08
6.35±0.13 8.7±0.3 0.09 0.80±0.02
112,10-102,9 98258.296 10.60 576.6 1.6(1) 0.06
1.7±0.9 7.2±1.5 0.06 0.48±0.11
116,6-106,5 98601.198 7.73 611.9 5.0(1) 0.15
116,5-106,4 98601.198† 7.73 611.9 5.0(1) ”
117,5-107,4 98601.751† 6.55 626.2 6.6(1) ”
117,4-107,3 98601.751† 6.55 626.2 6.6(1) ”
5.8±0.2 12.4±0.6 0.17 2.20±0.09
114,8-104,7 98642.179 9.55 589.9 5.0(1) 0.23
114,7-104,6 98645.650† 9.55 589.9 4.4(1) 0.25
113,9-103,8 98687.187 10.20 582.2 4.9(1) 0.07
4.8±1.0 6.8±1.4 0.06 0.37±0.09
113,8-103,7 98777.517 10.20 582.2 3.8(1) 0.07
3.1±0.4 13.2±0.7 0.06 0.83±0.09
112,9-102,8 99749.866 10.60 576.9 4.8(1) 0.08
4.8±0.2 9.2±0.4 0.08 0.83±0.09
111,10-101,9 100673.335 10.90 574.0 5.6(1) 0.09
5.1±0.4 5.2±0.7 0.06 0.25±0.05
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Tabla A.2: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc − J′K′a,K′c freq. (MHz) (K) km s−1 km s−1 (K) (K)
121,12-111,11 104166.301 11.90 577.5 4.7(1) 0.11
4.7±0.2 5.9±0.7 0.10 0.63±0.09
120,12-110,11 105570.959 12.00 577.1 4.3(1) 0.11
3.8±1.7 9.0±3.2 0.12 0.9±0.3
122,11-112,10 107132.018 11.70 581.8 5.1(1) 0.10
Wide comp. 4.1±0.8 13.1±1.9 0.09 1.2±0.2
Narrow comp. 5.4±2.0 2.9±4.2 0.02 0.052±0.10
127,6-117,5 107569.213 7.92 631.4 0.8(1) 0.16
127,5-117,4 107569.213† 7.92 631.4 0.8(1) ”
126,7-116,6 107571.220† 9.00 617.1 6.4(1) ”
126,6-116,5 107571.221† 9.00 617.1 6.4(1) ”
3.7±0.7 11.7±1.9 0.16 2.0±0.3
128,5-118,4 107575.295 6.67 647.9 4.00(1) 0.12
128,4-118,3 107575.295† 6.67 647.9 4.0(1) ”
3.8±0.3 8.1±0.9 0.12 1.01±0.10
123,10-113,9 107677.926 11.20 587.4 5.1(1) 0.10
5.1±0.2 7.8±0.8 0.09 0.60±0.04
123,9-113,8 107817.578 11.20 587.4 5.4(1) 0.08
5.5±0.5 7.2±1.0 0.08 0.62±0.08
122,10-112,9 107817.578 11.70 582.1 4.8(1) 0.10
4.88±0.13 7.5±0.3 0.10 0.81±0.03
121,11-111,10 109715.553 11.90 579.3 5.9(1) 0.11
5.91±0.12 8.3±0.3 0.11 0.98±0.03
131,13-121,12 112771.434 12.90 583.0 4.9(1) 0.14
4.2±0.2 10.1±0.6 0.13 1.42±0.07
130,13-120,12 114090.739 13.00 582.5 4.3(1,6) 0.24
150,15-140,14 131038.929 15.00 594.7 4.3(1) 0.23
4.06±0.11 9.4±0.4 0.21 1.57±0.08
152,14-142,13 133659.207 14.70 599.7 4.6(1) 0.21
4.06±0.11 8.1±0.4 0.20 1.72±0.14
159,6-149,5 134487.418 9.60 684.4 3.0(1) 0.19
159,7-149,6 134487.418† 9.60 684.4 3.0(1) ”
156,10-146,9 134491.599 12.60 635.2 3.9(1) 0.28
156,9-146,8 134491.603† 12.60 635.2 3.9(1) ”
3.7±0.2 5.3±0.5 0.18 1.00±0.14
153,12-143,11 135071.345 14.40 605.5 4.5(1) 0.18
4.6±0.2 8.5±0.9 0.15 1.4±0.2
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Tabla A.2: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc − J′K′a,K′c freq. (MHz) (K) km s−1 km s−1 (K) (K)
152,13-142,12 136907.490 14.70 600.5 4.7(1,6) 0.41
161,16-151,15 138507.416 15.90 601.7 2.3(1) 0.24
2.4±0.3 13.4±0.4 0.24 3.46±0.02
169,8-159,7 143454.754 10.90 691.5 3.6(1) 0.27
169,7-159,6 143454.754† 10.90 691.5 3.6(1) ”
3.52±0.05 7.49±0.14 0.25 2.02±0.04
163,14-153,13 143640.082 15.40 612.4 3.5(1,7,8) 0.52
164,12-154,11 143646.142 15.00 620.1 5.1(1) 0.40
4.8±0.2 7.0±0.6 0.29 2.2±0.4
163,13-153,12 144211.335 15.40 612.4 5.1(1,9,10) 0.31
161,15-151,14 145512.937 15.90 604.7 4.9(1,11) 0.40
162,14-152,13 146209.046 15.80 607.5 5.8(1) 0.25
6.0±0.3 7.3±0.8 0.24 1.9±0.2
171,17-161,16 147061.444 16.90 608.7 4.1(1) 0.40
170,17-160,16 147915.039 16.90 608.7 3.8(1) 0.46
172,16-162,15 151256.466 16.80 613.8 4.0(1) 0.27
4.0±0.3 11.5±1.0 0.26 3.2±0.2
178,10-168,9 152415.995 13.20 680.2 3.4(1) 0.30
178,9-168,8 152415.995† 13.20 680.2 3.4(1) ”
177,11-167,10 152422.288 14.10 663.7 2.8(1) 0.60
177,10-167,9 152422.288† 14.10 663.7 2.8(1) ”
179,9-169,8 152422.372† 12.20 698.8 3.0(1) ”
179,8-169,7 152422.372† 12.20 698.8 3.0(1) ”
171,16-161,15 154345.084 16.90 612.1 4.9(1) 0.28
5.0±0.2 8.1±0.5 0.23 1.93±0.11
181,18-171,17 155604.383 17.90 616.2 5.0(1,8) 0.49
181,18-171,17 155604.383 17.90 616.2 5.0(1,8) 0.49
180,18-170,17 156341.680 17.90 616.0 5.0(1,12) 0.44
182,17-172,16 160026.639 17.80 621.5 5.1(1,13) 0.46
1811,8-1711,7 161426.944 11.30 750.5 1.4(1) 0.75
1811,7-1711,6 161426.944† 11.30 750.5 1.4(1) ”
186,13-176,12 161430.232† 16.00 657.1 4.8(1) ”
186,12-176,11 161430.269† 16.00 657.1 4.8(1) ”
183,15-173,14 162591.902 17.50 627.6 4.2(1) 0.33
4.3±0.2 7.9±0.7 0.21 1.8±0.2
191,19-181,18 164137.082 18.90 624.1 3.9(1) 0.33
4.1±0.2 6.21±0.48 0.21 1.4±0.2
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Tabla A.2: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc − J′K′a,K′c freq. (MHz) (K) km s−1 km s−1 (K) (K)
182,16-172,15 164765.029 17.80 622.9 3.4(1) 0.52
190,19-180,18 164766.518† 18.90 623.9 6.1(1) ”
5.0±0.4 9.7±0.8 0.45 4.7±0.4
198,12-188,11 170356.990 15.60 696.1 2.4(1,14) 0.72
198,11-188,10 170356.990† 15.60 696.1 2.4(1,14) ”
199,11-189,10 170358.512† 14.70 714.8 5.1(1,14) ”
199,10-189,9 170358.512† 14.70 714.8 5.1(1,14) ”
193,16-183,15 171835.966 18.50 635.9 5.3(1) 0.53
2210,13-2110,12 197272.588 17.50 762.7 0.8(1,15) 0.67
2210,12-2110,11 197272.588† 17.50 762.7 0.8(1,15) ”
228,15-218,14 197274.492† 19.10 723.2 3.7(1,15) ”
228,14-218,13 197274.492† 19.10 723.2 3.7(1,15) ”
2211,11-2111,10 197292.236 16.50 785.8 4.0(1,7) 0.51
2211,12-2111,11 197292.236† 16.50 785.8 4.0(1,7) ”
231,23-221,22 198182.913 22.90 659.7 4.1(1) 0.55
4.31±0.10 6.5±0.3 0.51 3.5±0.2
230,23-220,22 198488.522 22.90 659.6 4.5(1) 0.59
4.51±0.12 6.6±0.3 0.55 5.1±0.2
223,19-213,18 199775.037 21.60 663.3 5.0(1) 0.29
5.2±0.2 9.2±0.5 0.29 2.83±0.14
222,20-213,19 201512.520 21.80 658.9 4.6(1) 0.41
4.67±0.12 8.2±0.3 0.41 3.52±0.11
232,22-223,21 203579.325 22.80 666.2 7.1(1) 0.46
7.8±0.3 17.8±0.4 0.46 8.7±0.3
235,18-225,17 206562.179 21.90 690.3 4.2(1) 0.38
233,20-223,19 209144.078 22.60 673.3 5.1(1) 0.54
232,21-222,20 210596.535 22.80 669.0 5.2(1) 0.47
5.3±0.2 12.6±0.7 0.44 5.9±0.2
242,23-232,22 212230.463 23.80 676.4 4.3(1,9) 0.33
247,18-237,17 215274.435 22.00 726.9 2.1(1) 0.47
247,17-237,16 215274.456† 22.00 726.9 2.1(1) ”
2.0±0.2 10.7±0.7 0.45 5.3±0.2
250,25-240,24 215370.956 24.90 679.9 3.6(1) 0.62
0.2±0.4 5.2±0.3 0.40 2.3±0.2
246,19-236,18 215376.496 22.50 712.7 2.7(1) 0.77
246,18-236,17 215377.432† 22.50 712.7 4.0(1) ”
3.32±0.05 6.07±0.12 0.78 5.12±0.10
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Tabla A.2: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc − J′K′a,K′c freq. (MHz) (K) km s−1 km s−1 (K) (K)
244,21-234,20 215782.255 23.00 690.8 3.6(1) 0.46
3.71±0.08 7.9±0.2 0.44 3.76±0.14
243,21-233,20 218529.971 23.60 683.8 3.7(1) 0.63
243,22-233,21 219632.027 23.80 679.6 4.4(1) 0.62
252,24-242,23 220862.669 24.80 687.0 3.5(1,15) 0.55
260,26-250,25 223816.798 25.90 690.6 5.5(1,7) 0.67
253,23-243,22 224107.320 24.60 693.7 3.9(1,7) 0.63
252,23-242,22 228615.634 24.80 690.5 3.5(1) 0.58
3.4±0.4 10.2±1.1 0.56 6.1±0.6
262,25-252,24 229476.628 25.80 698.0 4.8(1) 0.46
268,19-258,18 233177.263 23.50 765.4 2.2(1,15,7) 0.41
268,18-258,17 233177.264† 23.50 765.4 2.2(1,15,7) ”
2612,15-2512,14 233179.289† 20.50 853.2 4.8(1,15,7) ”
2612,14-2512,13 233179.289† 20.50 853.2 4.8(1,15,7) ”
267,20-257,19 233247.719 24.10 748.9 3.4(1,15) 0.35
267,19-257,18 233247.780† 24.10 748.9 3.5(1,15) ”
264,22-254,21 234593.014 25.40 712.9 4.4(1) 0.60
262,24-252,23 237544.142 25.80 701.9 4.4(1,5,16,17) 0.49
272,26-262,25 238073.154 26.80 709.4 4.2(1) 0.39
4.30±0.12 7.0±0.5 0.39 2.9±0.2
2712,16-2612,15 242142.272 21.70 864.8 2.8(5) 0.28
2712,15-2612,14 242142.272† 21.70 864.8 2.8(5) ”
278,20-268,19 242155.477 24.60 777.0 2.9(1) 0.47
278,19-268,18 242155.479† 24.60 777.0 2.9(1) ”
2.9±0.2 5.8±0.3 0.47 5.2±0.3
274,24-264,23 242845.180 26.40 724.4 4.7(1,18) 0.90
281,27-271,26 248256.770 27.80 720.8 4.9(1,5) 1.16
291,29-281,28 249079.493 28.90 725.3 3.8(1,19) 0.74
286,23-276,22 251409.069 26.70 758.3 1.4(1,20) 0.89
286,22-276,21 251407.801 26.70 758.3 7.5(1,20) 0.89
284,24-274,23 253074.062 27.40 736.8 0.4(1) 0.92
283,25-273,24 256057.617 27.70 730.3 2.8(1,21) 0.38
291,28-281,27 256622.105 27.70 730.3 4.1(1) 0.46
4.2±0.2 6.8±0.7 0.44 3.2±0.4
301,30-291,29 257549.349 29.90 737.6 5.2(1) 0.20
5.16±0.06 4.3±0.2 0.21 0.95±0.03
300,30-290,29 257619.312 29.90 737.6 4.1(1,8) 0.80
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Tabla A.2: continued.
Transition Predicted S i j Eu vLS R ∆v TMB(2)
∫
TMBdv
JKa,Kc − J′K′a,K′c freq. (MHz) (K) km s−1 km s−1 (K) (K)
293,27-283,26 259436.760 29.90 737.6 3.7(1,22) 0.50
2912,18-2812,17 260066.278 24.00 889.4 1.9(1) 0.91
2912,17-2812,16 260066.278† 24.00 889.4 1.9(1) ”
298,22-288,21 260115.183 26.80 801.5 3.36(1) 1.12
298,21-288,20 260115.189† 26.80 801.5 3.4(1) ”
294,26-284,25 260857.503 28.40 749.0 3.7(1,5) 1.57
294,25-284,24 262365.724 28.40 749.4 3.8(1,6) 0.49
302,29-292,28 263767.717 29.80 746.2 7.0(1) 0.56
292,27-282,26 263971.820 28.80 738.7 3.6(1) 0.44
301,29-291,28 264986.039 29.80 745.9 4.0(1) 0.32
4.0±0.2 4.5±0.4 0.31 1.49±0.10
293,26-283,25 265389.404 28.70 743.0 3.4(1) 0.37
3.35±0.10 8.2±0.3 0.38 3.22±0.08
303,28-293,27 268214.513 29.70 753.9 2.5(1) 0.54
308,23-298,22 269096.747 27.90 814.4 4.6(1,15) 0.13
308,22-298,21 269096.757† 27.90 814.4 4.6(1,15) ”
304,26-294,25 271692.172 29.50 762.4 3.4(1) 0.62
312,30-302,29 272304.403 30.80 759.2 3.8(1) 0.68
3.9±0.6 7.7±1.8 0.65 5.3±1.1
311,30-301,29 273352.181 30.80 759.0 3.3(1) 0.68
3.3±0.4 13.8±1.3 0.64 8.1±0.6
321,32-311,31 274481.096 31.90 763.6 4.0(1) 0.59
3.76±0.09 4.5±0.2 0.56 2.7±0.2
303,27-293,26 274685.183 29.70 756.2 3.7(1) 0.58
3.7±0.2 7.5±1.0 0.54 4.3±0.5
313,29-303,28 276969.491 30.70 767.2 4.6(1,10,22,23) 0.69
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Tabla A2. Emission lines of CH3CH2CN ν20 present in the spectral scan of the Orion KL from the
radio-telescope of IRAM 30-m. Column 1 indicates the line transition, Col. 2 gives the predicted
frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5 observed radial
velocities, Col. 6 observed line widths, Col. 7 mean beam temperature, and Col. 8 the area of the line.
For some not blended lines we give line parameters obtained by Gaussian fits. † blended with the last
one.
(1) peak line observed velocity. (2) peak line intensity. (3) blended with CH3OH, νt=0,1. (4) blended
with H2C17O. (5) blended with U-line. (6) blended with 18OCS. (7) blended with E-HCOOCH3. (8)
blended with CH3CH2CN ν13=1/ν21=1. (9) blended with A-H13COOCH3. (10) blended with
E-H13COOCH3. (11) blended with HCC13CN ν7=1. (12) blended with SHD. (13) blended with
CH3CH213CN. (14) influence of CH3CH2CN ν12=1. (15) blended with A-HCOOCH3. (16) blended
with CH3OCH3. (17) blended with (CH3)2CO. (18) blended with CH3CHDCN. (19) blended with
HCOO13CH3. (20) blended with 33SO2. (21) blended with HC13CCN ν6=1. (22) blended with
CH313CH2CN. (23) blended with H15NCO.
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Tabla A.3: Detected lines of CH3CH2CN ν12=1
Transition Predicted S i j Eu Observed vLS R(1) Observed Model
JKa,Kc − J′K′a,K′c freq. (MHz) (K) freq. (MHz) km s−1 TMB (K) TMB (K)
92,8-82,7 80288.056 8.55 799.3 80290.1 1.5 0.01 0.02
98,1-88,0 80495.806 1.89 867.3 80496.5 6.4 0.02 0.01
98,2-88,1 80495.806† 1.89 867.3 ” 6.4 ” ”
94,6-84,5 80498.676 7.22 813.0 80499.8 4.8 0.02 0.02
94,5-84,4 80499.106† 7.22 813.0 ” 6.4 ” ”
93,7-83,6 80528.735 8.00 805.0 80530.5 2.4 0.02 0.02
93,6-83,5 80560.434 8.00 805.0 80562.0 3.2 0.02 0.02
92,7-82,6 81129.013 8.55 799.5 81130.5 3.5 0.03 0.02
101,10-91,9 86693.722 9.90 799.6 86694.4(2) 6.8 0.05 0.02
100,10-90,9 88211.372 9.98 799.0 88212.5 5.1 0.01 0.03
107,4-97,3 89432.639 5.10 854.6 89434.7 2.2 0.04 0.04
107,3-97,2 89432.639† 5.10 854.6 ” 2.2 ” ”
105,6-95,5 89434.665 7.50 827.5 ” 9.0 ” ”
105,5-95,4 89434.673† 7.50 827.5 ” 9.0 ” ”
109,2-99,1 89453.471 1.90 890.8 89456.0 0.5 0.05 0.04
109,1-99,0 89453.471† 1.90 890.8 ” 0.5 ” ”
104,7-94,6 89455.811† 8.40 817.3 ” 8.4 ” ”
104,6-94,5 89456.740† 8.40 817.3 ” 6.5 ” ”
103,7-93,6 89547.806 9.10 809.3 89549.5 3.3 0.01 0.02
101,9-91,8 91421.404 9.89 800.8 91423.2 3.1 ... 0.03
111,11-101,10 95304.641 10.90 804.2 95306.4 3.5 ... 0.03
116,6-106,5 98377.598 7.73 844.6 98379.5 3.2 0.04 0.05
116,5-106,4 98377.598† 7.73 844.6 ” 3.2 ” ”
117,5-107,4 98378.958† 6.55 859.3 ” 7.3 ” ”
117,4-107,3 98378.958† 6.55 859.3 ” 7.3 ” ”
118,3-108,2 98386.910 5.18 876.3 98388.5 4.2 0.07 0.06
118,4-108,3 98386.910† 5.18 876.3 ” 4.2 ” ”
115,7-105,6 98386.990† 8.73 832.2 ” 4.5 ” ”
115,6-105,5 98387.009† 8.73 832.2 ” 4.5 ” ”
1110,1-1010,0 98415.812 1.91 916.9 98417.7(3) ... ... 0.04
1110,2-1010,1 98415.812† 1.91 916.9 ” ... ” ”
114,8-104,7 98416.866† 9.55 822.0 ” ... ” ”
114,7-104,6 98418.721† 9.55 822.0 ” ... ” ”
112,9-102,8 99515.201 10.60 808.6 99516.7 4.4 0.04 0.03
111,10-101,9 100475.798 10.90 805.7 100477.5 4.0 0.02 0.04
121,12-111,11 103901.878 11.90 809.1 103903.8 3.5 0.02 0.04
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Tabla A.3: continued.
Transition Predicted S i j Eu Observed vLS R(1) Observed Model
JKa,Kc − J′K′a,K′c freq. (MHz) (K) freq. (MHz) km s−1 TMB (K) TMB (K)
120,12-110,11 105340.456 12.00 808.7 105341.5 6.0 0.03 0.05
122,12-112,11 106890.772 11.70 813.5 106892.4 4.5 0.06 0.04
127,6-117,5 107326.124 7.92 864.5 107328.5 2.4 0.07 0.08
127,5-117,4 107326.124† 7.92 864.5 ” 2.4 ” ”
126,7-116,6 107327.223† 9.00 849.8 ” 5.4 ” ”
126,6-116,5 107327.223† 9.00 849.8 ” 5.4 ” ”
125,8-115,7 107341.835 9.92 837.3 107342.5 7.1 0.05 0.06
125,7-115,6 107341.879† 9.92 837.3 ” 7.2 ” ”
129,4-119,3 107345.781 5.25 900.6 107345.9 8.7 0.04 0.03
129,3-119,2 107345.781† 5.25 900.6 ” 8.7 ” ”
124,9-114,8 107382.132 10.70 827.1 107384.0 3.8 0.04 0.04
1211,2-1111,1 107383.310† 1.92 945.8 ” 7.0 ” ”
1211,1-1111,0 107383.310† 1.92 945.8 ” 7.0 ” ”
124,8-114,7 107385.602† 10.70 827.1 ” 4.6 ” ”
123,10-113,9 107432.034 11.20 819.2 107433.2 5.8 0.04 0.04
122,10-112,9 108757.664 11.70 813.8 108758.2(4) 7.5 0.03 0.05
131,13-121,12 112485.400 12.90 814.5 112487.6 3.1 0.04 0.06
130,13-120,12 113840.833 13.00 814.1 113841.3 7.7 0.08 0.06
150,15-140,14 130747.416 15.00 826.3 130749.0 5.4 0.08 0.08
157,9-147,8 134173.563 11.70 882.5 134176.9 1.5 0.10 0.13
157,8-147,7 134173.563† 11.70 882.5 ” 1.5 ” ”
158,8-148,7 134175.060† 10.70 899.5 ” 4.9 ” ”
158,7-148,6 134175.060† 10.70 899.5 ” 4.9 ” ”
154,11-144,10 134322.280 13.90 845.2 134322.6 8.3 0.07 0.07
153,13-143,12 134346.381 14.40 837.3 134347.6 6.2 0.05 0.08
153,12-143,11 134753.144 14.40 837.3 134754.6 5.8 0.03 0.08
151,14-141,13 136367.688 14.90 829.3 136370.3 3.2 0.13 0.09
152,13-142,12 136594.777 14.70 832.1 136596.5 5.2 0.09 0.09
160,16-150,15 139168.744 15.90 832.9 139171.3(5) 3.4 0.14 0.10
168,9-158,8 143123.571 12.00 906.3 143126.3 3.3 0.13 0.17
168,8-158,7 143123.571† 12.00 906.3 ” 3.3 ” ”
167,10-157,9 143124.942† 12.90 889.4 ” 6.1 ” ”
167,9-157,8 143124.942† 12.90 889.4 ” 6.1 ” ”
169,8-159,7 143133.124 10.90 925.5 143134.9 5.2 0.06 0.08
169,7-159,6 143133.124† 10.90 925.5 ” 5.2 ” ”
166,11-156,10 143143.165 13.80 874.7 143145.0 5.1 0.11 0.13
166,10-156,9 143143.174† 13.80 874.7 ” 5.1 ” ”
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Tabla A.3: continued.
Transition Predicted S i j Eu Observed vLS R(1) Observed Model
JKa,Kc − J′K′a,K′c freq. (MHz) (K) freq. (MHz) km s−1 TMB (K) TMB (K)
1612,5-1512,4 143202.870 7.00 996.6 143205.0(2) 4.5 0.14 0.03
1612,4-1512,3 143202.870† 7.00 996.6 ” 4.5 ” ”
163,14-153,13 143314.370 15.40 844.2 143316.3(6) 4.9 0.19 0.15
164,12-154,11 143315.895† 15.00 852.1 ” 8.1 ” ”
161,15-151,14 145238.109 15.90 836.2 145239.4 6.2 0.12 0.11
172,16-162,15 150920.075 16.80 845.5 150921.5(7) 6.1 0.11 0.11
178,10-168,9 152072.752 13.20 913.6 152073.8 7.0 0.14 0.12
178,9-168,8 152072.752† 13.20 913.6 ” 7.0 ” ”
172,15-162,14 155153.262 16.80 846.6 155153.2(2) 8.8 0.12 0.12
188,11-178,10 161022.640 14.40 921.4 161023.8 6.9 0.13 0.13
188,10-178,9 161022.640† 14.40 921.4 ” 6.9 ” ”
189,10-179,9 161028.416 13.50 940.6 161032.5(8) 1.3 0.31 0.15
189,9-179,8 161028.416† 13.50 940.6 ” 1.3 ” ”
187,12-177,11 161031.502 15.30 904.4 ” 7.1 ” 0.18
187,11-177,10 161031.502† 15.30 904.4 ” 7.1 ” ”
185,14-175,13 161136.123 16.60 877.3 161139.3 3.1 0.16 0.17
185,13-175,12 161138.006† 16.60 877.3 ” 6.6 ” ”
181,17-171,16 162827.458 17.90 851.4 162830.1 4.2 0.13 0.13
191,19-181,18 163720.308 18.90 855.6 163722.5 4.9 0.17 0.14
182,16-172,15 164407.020 17.80 854.5 164409.0(9) 5.4 0.19 0.13
197,13-187,12 169986.831 16.40 912.6 169989.6(2) 4.1 0.44 0.18
197,12-187,11 169986.832† 16.40 912.6 ” 4.1 ... ”
195,15-185,14 170114.621 17.70 885.4 170117.5 3.8 0.15 0.15
195,14-185,13 170117.700 17.70 885.4 ” 8.7 ” ”
191,18-181,17 171540.387 18.90 859.7 171542.7 4.9 0.21 0.15
222,20-212,19 201109.338 21.80 890.4 201111.4 6.0 0.16 0.19
232,22-222,21 203132.611 22.80 897.7 203135.0(10) 5.4 0.11 0.19
241,23-231,22 214290.671 23.90 907.0 214292.6 6.3 0.12 0.21
243,22-233,21 214753.726 23.60 914.6 214756.3 5.4 0.12 0.21
250,25-240,24 214833.410 24.90 911.2 214836.7(4,11) 4.4 0.36 0.21
246,19-236,18 214886.143 22.50 945.1 214889.5 4.3 0.24 0.29
246,18-236,17 214886.999† 22.50 945.1 ” 5.5 ” ”
260,26-250,25 223254.102 25.90 921.9 223256.1(10) 6.3 0.30 0.22
253,23-243,22 223620.285 24.60 925.4 223623.7(12) 4.5 0.36 0.20
253,22-243,21 227376.660 24.60 926.3 227378.6(2) 6.5 0.33 0.21
252,23-242,22 228187.982 24.80 922.0 228189.8 6.6 0.22 0.22
261,25-251,24 231090.514 25.80 928.8 231092.1 6.9 0.18 0.22
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Tabla A.3: continued.
Transition Predicted S i j Eu Observed vLS R(1) Observed Model
JKa,Kc − J′K′a,K′c freq. (MHz) (K) freq. (MHz) km s−1 TMB (K) TMB (K)
271,27-261,26 231532.301 26.90 933.1 231536.1(2) 4.1 0.12 0.02
270,27-260,26 231677.353 26.90 933.0 231679.9 5.6 0.18 0.23
274,24-264,23 242297.460 26.40 956.2 242300.4 5.3 0.13 0.20
287,22-277,21 250659.807 26.30 1005.3 250658.5(2,13) 7.4 0.09 0.31
287,21-277,20 250659.951† 26.30 1005.3 ” 7.3 ” ”
285,24-275,23 251113.452 27.10 978.3 251117.5 4.2 0.15 0.21
293,27-283,26 258887.069 28.70 972.5 258888.5 7.3 0.12 0.23
302,29-292,28 263189.521 29.80 977.5 263192.5 5.6 0.16 0.23
313,29-303,28 276389.827 30.70 998.6 276391.8 6.9 0.31 0.22
315,26-305,25 278417.211 30.20 1017.1 278422.0 3.8 0.38 0.20
208 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A3. Emission lines of CH3CH2CN ν12=1 present in the spectral scan of the Orion KL from the
radio-telescope of IRAM 30-m. Column 1 indicates the line transition, Col. 2 gives the predicted
frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5 observed centroid
frequencies, Col. 6 observed radial velocities, Col. 7 observed mean beam temperature, and Col. 8
mean beam temperature obtained with the model.
(1) peak line observed velocity. (2) blended with U-line. (3) blended with 33SO. (4) blended with
A-HCOOCH3. (5) blended with C-C2H4O. (6) blended with CH2CHCN ν11=2. (7) blended with
CH3CH2CN ν13/ν21. (8) blended with NH2D. (9) blended with H2CCO. (10) blended with
CH313CH2CN. (11) blended with SO2 ν2=1. (12) blended with E-HCOOCH3. (13) blended with
13CH3CH2CN.
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 209
Tabla A.4: Measured transitions of ν20 of ethyl cyanide.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
3 0 3 2 0 2 26839.519 0.05 -0.007
4 0 4 3 0 3 35751.461 0.05 0.021
5 0 5 4 0 4 44633.991 0.05 0.016
6 0 6 5 0 5 53480.380 0.05 0.012
7 0 7 6 0 6 62284.613 0.05 0.013
8 0 8 7 0 7 71041.824 0.05 -0.011
9 0 9 8 0 8 79748.976 0.05 0.065
10 0 10 9 0 9 88404.817 0.05 0.023
11 0 11 10 0 10 97010.865 0.05 0.007
12 0 12 11 0 11 105570.915 0.05 0.039
13 0 13 12 0 12 114090.690 0.05 0.028
14 0 14 13 0 13 122577.470 0.05 0.057
15 0 15 14 0 14 131038.928 0.05 0.052
15 0 15 14 0 14 131038.960 0.05 0.084
16 0 16 15 0 15 139482.530 0.05 -0.013
16 0 16 15 0 15 139482.562 0.05 0.019
17 0 17 16 0 16 147915.160 0.05 0.133
18 0 18 17 0 17 156341.780 0.05 0.085
19 0 19 18 0 18 164766.650 0.05 0.084
20 0 20 19 0 19 173192.430 0.05 0.034
24 0 24 23 0 23 206928.436 0.05 0.081
25 0 25 24 0 24 215371.401 0.20 0.057
26 0 26 25 0 25 223817.327 0.20 0.054
27 0 27 26 0 26 232265.680 0.20 0.052
28 0 28 27 0 27 240715.942 0.20 0.048
29 0 29 28 0 28 249167.628 0.20 0.045
30 0 30 29 0 29 257620.126 0.20 -0.121
31 0 31 30 0 30 266073.523 0.20 0.039
33 0 33 32 0 32 282980.327 0.05 0.005
34 0 34 33 0 33 291433.279 0.05 -0.074
35 0 35 34 0 34 299885.804 0.05 -0.006
36 0 36 35 0 35 308337.504 0.05 0.004
37 0 37 36 0 36 316788.232 0.05 -0.023
38 0 38 37 0 37 325237.916 0.05 -0.016
39 0 39 38 0 38 333686.392 0.05 -0.014
40 0 40 39 0 39 342133.533 0.05 -0.034
41 0 41 40 0 40 350579.260 0.05 -0.061
53 0 53 52 0 52 451793.829 0.05 -0.114
54 0 54 53 0 53 460215.653 0.05 -0.047
55 0 55 54 0 54 468635.142 0.05 -0.138
56 0 56 55 0 55 477052.662 0.05 0.018
57 0 57 56 0 56 485467.706 0.05 -0.044
58 0 58 57 0 57 493880.609 0.05 0.049
59 0 59 58 0 58 502291.096 0.05 0.062
61 0 61 60 0 60 519104.894 0.05 0.072
62 0 62 61 0 61 527508.107 0.05 0.048
70 0 70 69 0 69 594641.191 0.05 -0.076
210 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
3 1 2 2 1 1 27576.759 0.05 -0.067
4 1 3 3 1 2 36759.880 0.05 -0.050
4 1 4 3 1 3 34861.170 0.05 -0.083
5 1 4 4 1 3 45934.935 0.05 -0.028
5 1 5 4 1 4 43562.815 0.05 -0.009
6 1 5 5 1 4 55099.600 0.05 -0.039
6 1 6 5 1 5 52255.420 0.05 -0.205
7 1 6 6 1 5 64251.447 0.05 -0.049
7 1 7 6 1 6 60938.322 0.05 0.038
8 1 7 7 1 6 73387.752 0.05 -0.102
8 1 8 7 1 7 69609.689 0.05 0.062
9 1 8 8 1 7 82505.734 0.05 -0.050
9 1 9 8 1 8 78268.726 0.05 0.029
10 1 9 9 1 8 91602.028 0.05 -0.051
10 1 10 9 1 9 86914.841 0.05 0.072
11 1 10 10 1 9 100673.189 0.05 -0.046
11 1 11 10 1 10 95547.388 0.05 0.027
12 1 11 11 1 10 109715.389 0.05 -0.062
12 1 12 11 1 11 104166.276 0.05 0.045
13 1 12 12 1 11 118724.500 0.05 -0.148
13 1 13 12 1 12 112771.445 0.05 0.076
14 1 13 13 1 12 127696.550 0.05 0.012
14 1 14 13 1 13 121363.020 0.05 0.039
15 1 14 14 1 13 136626.740 0.05 0.015
15 1 15 14 1 14 129941.480 0.05 0.015
16 1 15 15 1 14 145510.910 0.05 0.021
16 1 16 15 1 15 138507.458 0.05 0.073
17 1 16 16 1 15 154344.990 0.05 -0.034
17 1 17 16 1 16 147061.410 0.05 -0.023
18 1 17 17 1 16 163125.760 0.05 0.003
18 1 18 17 1 17 155604.450 0.05 0.054
19 1 18 18 1 17 171850.740 0.05 0.027
19 1 19 18 1 18 164137.160 0.05 0.033
20 1 20 19 1 19 172660.570 0.05 0.068
24 1 23 23 1 22 214666.271 0.20 0.060
24 1 24 23 1 23 206677.614 0.05 0.054
25 1 24 24 1 23 223097.791 0.20 0.161
25 1 25 24 1 24 215166.664 0.20 0.062
26 1 25 25 1 24 231501.568 0.20 0.046
26 1 26 25 1 25 223650.946 0.20 0.056
27 1 26 26 1 25 239885.804 0.20 0.061
27 1 27 26 1 26 232131.014 0.20 0.050
28 1 27 27 1 26 248257.592 0.20 0.082
28 1 28 27 1 27 240607.336 0.20 0.040
29 1 28 28 1 27 256623.047 0.20 0.058
29 1 29 28 1 28 249080.325 0.20 0.037
30 1 29 29 1 28 264987.157 0.20 0.073
30 1 30 29 1 29 257550.307 0.20 0.028
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 211
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
31 1 30 30 1 29 273353.451 0.05 0.047
31 1 31 30 1 30 266017.580 0.20 0.028
32 1 31 31 1 30 281724.403 0.05 0.031
32 1 32 31 1 31 274482.329 0.05 -0.009
33 1 32 32 1 31 290101.461 0.05 0.056
33 1 33 32 1 32 282944.834 0.05 0.009
34 1 33 33 1 32 298485.187 0.05 0.051
34 1 34 33 1 33 291405.146 0.05 -0.014
35 1 34 34 1 33 306875.633 0.05 0.016
35 1 35 34 1 34 299863.505 0.05 0.045
36 1 35 35 1 34 315272.557 0.05 0.048
36 1 36 35 1 35 308319.807 0.05 -0.003
37 1 36 36 1 35 323675.264 0.05 0.036
37 1 37 36 1 36 316774.264 0.05 -0.012
38 1 37 37 1 36 332083.030 0.05 -0.025
38 1 38 37 1 37 325226.875 0.05 -0.025
39 1 38 38 1 37 340495.269 0.05 0.048
39 1 39 38 1 38 333677.679 0.05 -0.031
40 1 39 39 1 38 348910.971 0.05 0.015
40 1 40 39 1 39 342126.838 0.05 0.116
41 1 40 40 1 39 357329.520 0.05 -0.010
41 1 41 40 1 40 350573.910 0.05 -0.028
42 1 42 41 1 41 359019.250 0.05 -0.104
46 1 45 45 1 44 399443.568 0.05 -0.015
47 1 46 46 1 45 407867.183 0.05 -0.077
47 1 47 46 1 46 401218.719 0.05 -0.098
48 1 47 47 1 46 416290.361 0.05 -0.012
48 1 48 47 1 47 409653.215 0.05 0.208
49 1 48 48 1 47 424712.601 0.05 -0.053
49 1 49 48 1 48 418085.687 0.05 * 0.463
50 1 49 49 1 48 433133.780 0.05 -0.089
51 1 50 50 1 49 441553.762 0.05 -0.057
51 1 51 50 1 50 434943.777 0.05 0.177
52 1 51 51 1 50 449972.241 0.05 -0.089
52 1 52 51 1 51 443369.854 0.05 0.166
53 1 52 52 1 51 458389.208 0.05 -0.044
53 1 53 52 1 52 451793.828 0.05 0.168
54 1 53 53 1 52 466804.420 0.05 -0.034
54 1 54 53 1 53 460215.617 0.05 0.138
55 1 55 54 1 54 468635.074 0.05 -0.034
56 1 55 55 1 54 483629.543 0.05 * 0.296
56 1 56 55 1 55 477052.661 0.05 0.152
57 1 56 56 1 55 492038.560 0.05 -0.083
57 1 57 56 1 56 485467.701 0.05 0.056
58 1 57 57 1 56 500445.894 0.05 -0.035
58 1 58 57 1 57 493880.609 0.05 0.131
59 1 58 58 1 57 508850.954 0.05 -0.075
60 1 59 59 1 58 517253.801 0.05 -0.075
212 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
60 1 60 59 1 59 510699.197 0.05 0.112
61 1 60 60 1 59 525654.333 0.05 -0.072
61 1 61 60 1 60 519104.906 0.05 0.122
62 1 61 61 1 60 534052.531 0.05 -0.029
62 1 62 61 1 61 527508.042 0.05 0.013
63 1 62 62 1 61 542448.295 0.05 0.011
63 1 63 62 1 62 535908.882 0.05 0.097
64 1 64 63 1 63 544307.120 0.05 0.107
65 1 64 64 1 63 559231.701 0.05 * -0.537
65 1 65 64 1 64 552702.768 0.05 0.091
66 1 65 65 1 64 567619.857 0.05 * -0.514
66 1 66 65 1 65 561095.814 0.05 0.073
67 1 66 66 1 65 576005.443 0.05 * -0.438
67 1 67 66 1 66 569486.199 0.05 0.032
68 1 67 67 1 66 584388.337 0.05 * -0.385
68 1 68 67 1 67 577873.921 0.05 0.001
69 1 68 68 1 67 592768.426 0.05 * -0.427
69 1 69 68 1 68 586258.933 0.05 -0.031
70 1 69 69 1 68 601145.797 0.05 * -0.434
70 1 70 69 1 69 594641.191 0.05 -0.072
71 1 71 70 1 70 603020.638 0.05 -0.144
4 2 3 3 2 2 35820.625 0.05 -0.089
5 2 3 4 2 2 44912.697 0.05 -0.091
5 2 4 4 2 3 44766.282 0.05 0.129
6 2 4 5 2 3 53960.640 0.05 -0.007
6 2 5 5 2 4 53705.080 0.05 -0.029
7 2 5 6 2 4 63042.420 0.05 -0.006
7 2 6 6 2 5 62636.290 0.05 -0.008
8 2 6 7 2 5 72161.553 0.05 -0.022
8 2 7 7 2 6 71558.410 0.05 -0.038
9 2 7 8 2 6 81319.810 0.05 -0.047
9 2 8 8 2 7 80470.332 0.05 0.029
10 2 8 9 2 7 90516.853 0.05 -0.026
10 2 9 9 2 8 89370.617 0.05 -0.015
11 2 9 10 2 8 99749.740 0.05 -0.072
11 2 10 10 2 9 98258.253 0.05 0.018
12 2 10 11 2 9 109013.350 0.05 -0.024
12 2 11 11 2 10 107131.971 0.05 0.016
13 2 11 12 2 10 118300.070 0.05 -0.109
13 2 12 12 2 11 115990.720 0.05 0.029
14 2 12 13 2 11 127601.390 0.05 0.017
14 2 13 13 2 12 124833.410 0.05 0.002
15 2 13 14 2 12 136907.290 0.05 -0.158
15 2 14 14 2 13 133659.160 0.05 0.006
16 2 14 15 2 13 146208.952 0.05 -0.066
16 2 15 15 2 14 142467.119 0.05 0.042
17 2 15 16 2 14 155497.290 0.05 -0.128
17 2 16 16 2 15 151256.440 0.05 0.001
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 213
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
18 2 16 17 2 15 164764.960 0.05 -0.088
18 2 17 17 2 16 160026.640 0.05 0.008
19 2 18 18 2 17 168777.210 0.05 0.017
24 2 23 23 2 22 212230.804 0.20 0.060
25 2 24 24 2 23 220863.109 0.20 0.074
26 2 25 25 2 24 229477.157 0.20 0.065
27 2 25 26 2 24 246415.407 0.05 -0.028
27 2 26 26 2 25 238073.797 0.20 0.067
28 2 26 27 2 25 255225.482 0.05 0.027
28 2 27 27 2 26 246653.940 0.20 0.070
29 2 28 28 2 27 255218.582 0.20 0.067
30 2 28 29 2 27 272657.330 0.05 -0.014
30 2 29 29 2 28 263768.792 0.20 0.066
31 2 29 30 2 28 281278.761 0.05 -0.007
31 2 30 30 2 29 272305.654 0.05 0.063
32 2 30 31 2 29 289839.285 0.05 0.017
32 2 31 31 2 30 280830.250 0.05 0.042
33 2 31 32 2 30 298342.511 0.05 0.042
33 2 32 32 2 31 289343.719 0.05 0.065
34 2 32 33 2 31 306793.665 0.05 0.022
34 2 33 33 2 32 297847.016 0.05 0.045
35 2 33 34 2 32 315199.573 0.05 0.071
35 2 34 34 2 33 306341.221 0.05 0.071
36 2 34 35 2 33 323567.873 0.05 0.073
36 2 35 35 2 34 314827.141 0.05 0.025
37 2 36 36 2 35 323305.761 0.05 0.042
38 2 36 37 2 35 340224.908 0.05 0.117
38 2 37 37 2 36 331777.849 0.05 0.115
39 2 37 38 2 36 348529.458 0.05 0.054
39 2 38 38 2 37 340243.862 0.05 0.010
40 2 38 39 2 37 356827.439 0.05 0.068
40 2 39 39 2 38 348704.710 0.05 0.022
41 2 40 40 2 39 357160.780 0.05 0.004
45 2 43 44 2 42 398366.827 0.05 -0.014
46 2 44 45 2 43 406698.869 0.05 0.021
46 2 45 45 2 44 399383.921 0.05 -0.045
47 2 45 46 2 44 415039.802 0.05 0.016
47 2 46 46 2 45 407819.054 0.05 -0.081
48 2 46 47 2 45 423389.044 0.05 -0.022
48 2 47 47 2 46 416251.532 0.05 -0.059
49 2 47 48 2 46 431745.915 0.05 0.032
49 2 48 48 2 47 424681.396 0.05 -0.053
50 2 48 49 2 47 440109.311 0.05 -0.011
50 2 49 49 2 48 433108.765 0.05 -0.032
51 2 49 50 2 48 448478.311 0.05 -0.120
51 2 50 50 2 49 441533.650 0.05 -0.052
52 2 50 51 2 49 456852.260 0.05 -0.015
52 2 51 51 2 50 449956.165 0.05 -0.044
214 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
53 2 51 52 2 50 465229.953 0.05 -0.010
53 2 52 52 2 51 458376.279 0.05 -0.070
54 2 52 53 2 51 473610.662 0.05 -0.009
54 2 53 53 2 52 466794.008 0.05 -0.128
55 2 53 54 2 52 481993.625 0.05 -0.024
55 2 54 54 2 53 475209.520 0.05 -0.058
56 2 54 55 2 53 490378.184 0.05 -0.044
56 2 55 55 2 54 483622.705 0.05 0.035
57 2 55 56 2 54 498763.811 0.05 0.000
57 2 56 56 2 55 492033.286 0.05 -0.114
58 2 56 57 2 55 507149.870 0.05 -0.004
58 2 57 57 2 56 500441.668 0.05 -0.084
59 2 57 58 2 56 515535.964 0.05 0.004
59 2 58 58 2 57 508848.129 0.05 * 0.424
60 2 58 59 2 57 523921.670 0.05 0.001
60 2 59 59 2 58 517251.103 0.05 -0.128
61 2 59 60 2 58 532306.653 0.05 0.000
61 2 60 60 2 59 525652.138 0.05 -0.165
62 2 60 61 2 59 540690.616 0.05 0.005
62 2 61 61 2 60 534050.666 0.05 -0.223
63 2 61 62 2 60 549073.293 0.05 0.011
63 2 62 62 2 61 542446.476 0.05 * -0.482
64 2 62 63 2 61 557454.563 0.05 0.125
65 2 63 64 2 62 565833.938 0.05 0.057
65 2 64 64 2 63 559231.701 0.05 * 0.297
66 2 64 65 2 63 574211.492 0.05 0.055
66 2 65 65 2 64 567619.857 0.05 0.147
67 2 65 66 2 64 582587.027 0.05 0.071
67 2 66 66 2 65 576005.443 0.05 0.087
68 2 66 67 2 65 590960.342 0.05 0.040
68 2 67 67 2 66 584388.337 0.05 0.030
69 2 67 68 2 66 599331.472 0.05 0.115
69 2 68 68 2 67 592768.426 0.05 -0.098
70 2 69 69 2 68 601145.797 0.05 -0.174
5 3 3 4 3 2 44809.152 0.05 -0.233
6 3 3 5 3 2 53783.445 0.05 -0.032
6 3 4 5 3 3 53779.596 0.05 0.106
7 3 4 6 3 3 62762.328 0.05 -0.082
7 3 5 6 3 4 62753.458 0.05 0.007
8 3 5 7 3 4 71749.038 0.05 -0.245
8 3 6 7 3 5 71731.485 0.05 0.085
9 3 6 8 3 5 80745.797 0.05 -0.156
9 3 7 8 3 6 80713.327 0.05 0.072
10 3 7 9 3 6 89754.402 0.05 -0.154
10 3 8 9 3 7 89698.756 0.05 0.054
11 3 8 10 3 7 98777.406 0.05 -0.119
11 3 9 10 3 8 98687.302 0.05 0.111
12 3 9 11 3 8 107817.517 0.05 -0.074
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 215
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
12 3 10 11 3 9 107677.884 0.05 -0.050
13 3 10 12 3 9 116877.750 0.05 -0.013
13 3 11 12 3 10 116669.840 0.05 -0.074
14 3 11 13 3 10 125961.140 0.05 -0.118
14 3 12 13 3 11 125661.691 0.05 -0.216
15 3 12 14 3 11 135071.260 0.05 -0.132
15 3 13 14 3 12 134652.580 0.05 0.080
16 3 13 15 3 12 144211.350 0.05 -0.052
16 3 14 15 3 13 143640.037 0.05 -0.091
17 3 14 16 3 13 153384.130 0.05 -0.063
17 3 15 16 3 14 152623.144 0.05 0.038
18 3 15 17 3 14 162592.050 0.05 0.026
18 3 16 17 3 15 161599.820 0.05 0.151
19 3 17 18 3 16 170567.660 0.05 * -0.349
25 3 23 24 3 22 224107.863 0.20 0.036
26 3 24 25 3 23 232971.653 0.20 -0.006
27 3 24 26 3 23 246698.026 0.05 -0.109
27 3 25 26 3 24 241815.164 0.20 0.000
28 3 25 27 3 24 256058.825 0.05 -0.076
28 3 26 27 3 25 250637.498 0.20 0.043
29 3 26 28 3 25 265390.842 0.05 -0.103
29 3 27 28 3 26 259437.908 0.20 0.076
30 3 27 29 3 26 274686.950 0.05 -0.068
30 3 28 29 3 27 268215.812 0.20 0.032
31 3 28 30 3 27 283940.886 0.05 -0.067
31 3 29 30 3 28 276971.032 0.05 0.056
32 3 29 31 3 28 293147.502 0.05 -0.049
32 3 30 31 3 29 285703.366 0.05 0.076
33 3 30 32 3 29 302302.386 0.05 -0.029
33 3 31 32 3 30 294412.836 0.05 0.055
34 3 31 33 3 30 311401.727 0.05 -0.028
34 3 32 33 3 31 303099.760 0.05 0.068
35 3 32 34 3 31 320442.228 0.05 -0.014
35 3 33 34 3 32 311764.486 0.05 0.048
36 3 33 35 3 32 329420.900 0.05 -0.009
36 3 34 35 3 33 320407.660 0.05 0.061
37 3 34 36 3 33 338335.187 0.05 0.051
37 3 35 36 3 34 329029.953 0.05 0.051
38 3 35 37 3 34 347182.709 0.05 -0.001
38 3 36 37 3 35 337632.274 0.05 0.071
39 3 36 38 3 35 355961.976 0.05 0.007
39 3 37 38 3 36 346215.547 0.05 0.084
40 3 38 39 3 37 354780.786 0.05 0.055
44 3 41 43 3 40 398840.739 0.05 0.024
45 3 42 44 3 41 407232.588 0.05 0.032
45 3 43 44 3 42 397376.868 0.05 0.009
46 3 43 45 3 42 415576.368 0.05 0.054
46 3 44 45 3 43 405858.053 0.05 0.034
216 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
47 3 44 46 3 43 423880.091 0.05 0.080
47 3 45 46 3 44 414329.044 0.05 0.040
48 3 45 47 3 44 432152.114 0.05 -0.068
48 3 46 47 3 45 422790.815 0.05 0.037
49 3 46 48 3 45 440401.141 0.05 -0.230
49 3 47 48 3 46 431244.219 0.05 -0.013
50 3 47 49 3 46 448635.683 0.05 0.039
50 3 48 49 3 47 439690.177 0.05 0.001
51 3 48 50 3 47 456862.217 0.05 0.018
51 3 49 50 3 48 448129.348 0.05 0.004
52 3 49 51 3 48 465087.099 0.05 0.001
52 3 50 51 3 49 456562.392 0.05 0.005
53 3 50 52 3 49 473315.146 0.05 0.008
53 3 51 52 3 50 464989.866 0.05 -0.015
54 3 51 53 3 50 481549.874 0.05 0.015
54 3 52 53 3 51 473412.282 0.05 -0.047
55 3 52 54 3 51 489793.564 0.05 -0.075
55 3 53 54 3 52 481830.158 0.05 -0.006
56 3 53 55 3 52 498047.890 0.05 0.030
56 3 54 55 3 53 490243.737 0.05 -0.020
57 3 54 56 3 53 506313.121 0.05 0.025
57 3 55 56 3 54 498653.401 0.05 -0.020
58 3 55 57 3 54 514589.327 0.05 0.026
58 3 56 57 3 55 507059.436 0.05 0.019
59 3 56 58 3 55 522876.010 0.05 0.024
59 3 57 58 3 56 515461.974 0.05 0.013
60 3 57 59 3 56 531172.396 0.05 0.032
60 3 58 59 3 57 523861.216 0.05 -0.013
61 3 58 60 3 57 539477.640 0.05 0.169
61 3 59 60 3 58 532257.372 0.05 0.012
62 3 59 61 3 58 547790.286 0.05 0.029
62 3 60 61 3 59 540650.460 0.05 -0.004
63 3 60 62 3 59 556109.656 0.05 0.009
63 3 61 62 3 60 549040.631 0.05 0.005
64 3 61 63 3 60 564434.426 0.05 -0.170
64 3 62 63 3 61 557427.644 0.05 * -0.262
65 3 62 64 3 61 572764.388 0.05 * 0.279
65 3 63 64 3 62 565812.398 0.05 0.049
66 3 63 65 3 62 581096.901 0.05 * -0.363
66 3 64 65 3 63 574194.088 0.05 0.106
67 3 64 66 3 63 589432.161 0.05 * -1.062
67 3 65 66 3 64 582572.894 0.05 0.075
69 3 67 68 3 66 599322.228 0.05 0.119
5 4 1 4 4 0 44804.792 0.05 * 0.343 Yes 44804.446
5 4 2 4 4 1 44804.792 0.05 * 0.347 Yes 44804.446
6 4 2 5 4 1 53770.065 0.05 0.127
7 4 3 6 4 2 62737.949 0.05 0.036 Yes 62737.913
7 4 4 6 4 3 62737.949 0.05 0.036 Yes 62737.913
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 217
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
8 4 4 7 4 3 71708.844 0.05 0.026 Yes 71708.818
8 4 5 7 4 4 71708.844 0.05 0.026 Yes 71708.818
9 4 6 8 4 5 80682.711 0.05 -0.124
10 4 6 9 4 5 89661.002 0.05 -0.060 Yes 89661.062
10 4 7 9 4 6 89661.002 0.05 -0.060 Yes 89661.062
11 4 7 10 4 6 98645.172 0.05 * 0.951
11 4 8 10 4 7 98642.033 0.05 -0.235
12 4 8 11 4 7 107631.624 0.05 -0.239
12 4 9 11 4 8 107629.180 0.05 * 0.967
13 4 9 12 4 8 116625.813 0.05 * 0.698
13 4 10 12 4 9 116618.441 0.05 -0.202
14 4 10 13 4 9 125625.260 0.05 * 0.562
14 4 11 13 4 10 125613.455 0.05 * -0.281
15 4 11 14 4 10 134631.290 0.05 -0.152
15 4 12 14 4 11 134613.283 0.05 * -0.300
16 4 12 15 4 11 143646.060 0.05 * -0.255
16 4 13 15 4 12 143618.076 0.05 -0.109
18 4 15 17 4 14 161641.421 0.05 * 0.350
19 4 15 18 4 14 170751.857 0.05 -0.042
19 4 16 18 4 15 170658.810 0.05 0.076
23 4 19 22 4 18 207098.473 0.05 -0.069
23 4 20 22 4 19 206756.430 0.05 0.008
24 4 20 23 4 19 216236.799 0.20 -0.017
24 4 21 23 4 20 215782.835 0.20 -0.027
25 4 21 24 4 20 225401.008 0.20 -0.039
25 4 22 24 4 21 224807.669 0.20 0.025
26 4 22 25 4 21 234593.873 0.20 -0.082
26 4 23 25 4 22 233829.321 0.20 0.039
27 4 23 26 4 22 243818.018 0.20 -0.035
27 4 24 26 4 23 242846.172 0.20 0.001
28 4 24 27 4 23 253075.363 0.20 -0.036
28 4 25 27 4 24 251856.577 0.20 -0.040
29 4 25 28 4 24 262367.247 0.20 -0.067
29 4 26 28 4 25 260858.902 0.20 0.040
30 4 27 29 4 26 269850.922 0.20 -0.191
31 4 27 30 4 26 281054.448 0.05 -0.070
31 4 28 30 4 27 278831.571 0.05 -0.007
32 4 28 31 4 27 290445.889 0.05 -0.053
32 4 29 31 4 28 287798.654 0.05 0.163
33 4 29 32 4 28 299863.505 0.05 * -0.291
33 4 30 32 4 29 296750.166 0.05 0.017
34 4 30 33 4 29 309301.698 0.05 -0.079
34 4 31 33 4 30 305684.933 0.05 0.004
35 4 31 34 4 30 318751.947 0.05 -0.063
35 4 32 34 4 31 314601.337 0.05 0.013
36 4 32 35 4 31 328205.384 0.05 -0.053
36 4 33 35 4 32 323497.933 0.05 -0.021
37 4 33 36 4 32 337652.247 0.05 -0.071
218 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
37 4 34 36 4 33 332373.640 0.05 0.047
38 4 34 37 4 33 347082.736 0.05 -0.051
38 4 35 37 4 34 341227.476 0.05 * 0.298
39 4 35 38 4 34 356487.307 0.05 -0.049
39 4 36 38 4 35 350057.957 0.05 0.137
40 4 37 39 4 36 358864.865 0.05 0.044
44 4 40 43 4 39 402852.748 0.05 0.018
45 4 41 44 4 40 411954.705 0.05 0.083
45 4 42 44 4 41 402534.036 0.05 0.050
46 4 42 45 4 41 420990.564 0.05 * 0.382
46 4 43 45 4 42 411195.114 0.05 0.067
47 4 43 46 4 42 429956.721 0.05 0.045
47 4 44 46 4 43 419832.850 0.05 0.046
48 4 44 47 4 43 438851.928 0.05 0.064
48 4 45 47 4 44 428447.990 0.05 0.011
49 4 45 48 4 44 447674.115 0.05 0.093
49 4 46 48 4 45 437041.484 0.05 0.063
50 4 46 49 4 45 456422.047 0.05 -0.001
50 4 47 49 4 46 445614.155 0.05 0.070
51 4 47 50 4 46 465095.667 0.05 0.054
51 4 48 50 4 47 454167.045 0.05 0.028
52 4 48 51 4 47 473695.382 0.05 0.031
52 4 49 51 4 48 462701.348 0.05 0.023
53 4 49 52 4 48 482223.082 0.05 0.026
53 4 50 52 4 49 471218.306 0.05 0.143
54 4 50 53 4 49 490681.889 0.05 0.047
54 4 51 53 4 50 479718.705 0.05 -0.003
55 4 51 54 4 50 499076.256 0.05 0.028
55 4 52 54 4 51 488204.166 0.05 0.029
56 4 52 55 4 51 507412.104 0.05 -0.013
56 4 53 55 4 52 496675.638 0.05 0.026
57 4 53 56 4 52 515696.612 0.05 -0.026
57 4 54 56 4 53 505134.317 0.05 0.054
58 4 54 57 4 53 523937.871 0.05 0.007
58 4 55 57 4 54 513581.222 0.05 0.051
59 4 55 58 4 54 532144.393 0.05 -0.026
59 4 56 58 4 55 522017.440 0.05 0.078
60 4 56 59 4 55 540324.815 0.05 -0.209
60 4 57 59 4 56 530443.849 0.05 0.056
61 4 57 60 4 56 548487.970 0.05 -0.084
61 4 58 60 4 57 538861.381 0.05 0.031
62 4 58 61 4 57 556640.970 0.05 -0.175
62 4 59 61 4 58 547270.874 0.05 0.030
63 4 59 62 4 58 564791.013 0.05 0.107
63 4 60 62 4 59 555673.039 0.05 0.033
64 4 60 63 4 59 572942.587 0.05 -0.164
64 4 61 63 4 60 564068.449 0.05 -0.043
65 4 61 64 4 60 581100.762 0.05 -0.091
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 219
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
65 4 62 64 4 61 572457.896 0.05 0.011
66 4 62 65 4 61 589268.164 0.05 -0.027
66 4 63 65 4 62 580841.354 0.05 * -0.341
67 4 63 66 4 62 597447.277 0.05 * 0.596
67 4 64 66 4 63 589219.255 0.05 * -1.112
9 5 4 8 5 3 80668.202 0.05 -0.045
10 5 6 9 5 5 89638.707 0.05 -0.051
11 5 7 10 5 6 98611.666 0.05 0.071
12 5 8 11 5 7 107587.007 0.05 0.025
13 5 9 12 5 8 116565.110 0.05 -0.035
14 5 9 13 5 8 125546.368 0.05 -0.140
15 5 10 14 5 9 134530.759 0.05 -0.121 Yes 134530.880
15 5 11 14 5 10 134530.759 0.05 -0.121 Yes 134530.880
18 5 14 17 5 13 161505.136 0.05 -0.106
19 5 14 18 5 13 170507.694 0.05 -0.141
23 5 18 22 5 17 206562.716 0.05 -0.170
23 5 19 22 5 18 206544.371 0.05 -0.038
24 5 19 23 5 18 215592.180 0.20 -0.221
24 5 20 23 5 19 215565.288 0.20 -0.103
25 5 20 24 5 19 224629.396 0.20 -0.145
25 5 21 24 5 20 224590.613 0.20 -0.116
26 5 21 25 5 20 233675.069 0.20 -0.099
26 5 22 25 5 21 233620.418 0.20 0.140
27 5 22 26 5 21 242730.226 0.20 -0.064
27 5 23 26 5 22 242653.852 0.20 0.046
28 5 23 27 5 22 251796.037 0.20 -0.042
28 5 24 27 5 23 251691.009 0.20 0.031
29 5 24 28 5 23 260873.741 0.20 -0.153
29 5 25 28 5 24 260731.381 0.20 0.029
30 5 25 29 5 24 269965.267 0.20 -0.028
30 5 26 29 5 25 269774.399 0.20 0.037
31 5 26 30 5 25 279072.124 0.05 0.071
31 5 27 30 5 26 278819.224 0.05 -0.090
32 5 27 31 5 26 288196.114 0.05 -0.041
32 5 28 31 5 27 287865.361 0.05 -0.017
33 5 28 32 5 27 297339.765 0.05 -0.025
33 5 29 32 5 28 296911.540 0.05 -0.045
34 5 29 33 5 28 306505.284 0.05 -0.031
34 5 30 33 5 29 305956.813 0.05 -0.015
35 5 30 34 5 29 315695.178 0.05 -0.019
35 5 31 34 5 30 314999.843 0.05 -0.023
36 5 31 35 5 30 324911.895 0.05 -0.027
36 5 32 35 5 31 324039.344 0.05 0.008
37 5 32 36 5 31 334157.821 0.05 -0.035
37 5 33 36 5 32 333073.761 0.05 -0.001
38 5 33 37 5 32 343435.049 0.05 -0.021
38 5 34 37 5 33 342101.526 0.05 -0.046
39 5 34 38 5 33 352745.102 0.05 -0.011
220 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
39 5 35 38 5 34 351121.135 0.05 0.011
44 5 39 43 5 38 399772.063 0.05 -0.032
44 5 40 43 5 39 396035.406 0.05 0.021
45 5 40 44 5 39 409250.044 0.05 0.073
45 5 41 44 5 40 404970.039 0.05 0.176
46 5 41 45 5 40 418737.092 0.05 0.048
46 5 42 45 5 41 413884.779 0.05 0.154
47 5 42 46 5 41 428224.296 0.05 0.069
47 5 43 46 5 42 422778.332 0.05 -0.012
48 5 43 47 5 42 437701.844 0.05 0.097
48 5 44 47 5 43 431649.898 0.05 0.062
49 5 44 48 5 43 447159.613 0.05 -0.029
49 5 45 48 5 44 440498.057 0.05 -0.014
50 5 45 49 5 44 456588.306 0.05 0.072
50 5 46 49 5 45 449322.239 0.05 0.049
51 5 46 50 5 45 465978.523 0.05 0.002
51 5 47 50 5 46 458121.474 0.05 -0.034
52 5 47 51 5 46 475322.385 0.05 -0.056
52 5 48 51 5 47 466895.572 0.05 0.046
53 5 48 52 5 47 484612.061 0.05 * -0.939
53 5 49 52 5 48 475643.956 0.05 0.030
54 5 50 53 5 49 484366.495 0.05 -0.084
55 5 50 54 5 49 503011.432 0.05 0.064
55 5 51 54 5 50 493063.553 0.05 0.019
56 5 51 55 5 50 512110.295 0.05 0.066
56 5 52 55 5 51 501735.047 0.05 0.030
57 5 53 56 5 52 510381.447 0.05 0.028
58 5 53 57 5 52 530090.884 0.05 0.086
58 5 54 57 5 53 519003.333 0.05 0.044
59 5 54 58 5 53 538967.790 0.05 -0.050
59 5 55 58 5 54 527601.355 0.05 0.039
60 5 55 59 5 54 547767.273 0.05 0.005
60 5 56 59 5 55 536176.321 0.05 0.009
61 5 56 60 5 55 556488.371 0.05 0.078
61 5 57 60 5 56 544729.182 0.05 -0.018
62 5 57 61 5 56 565131.075 0.05 0.180
62 5 58 61 5 57 553261.537 0.05 * 0.544
63 5 58 62 5 57 573695.896 0.05 -0.067
63 5 59 62 5 58 561772.515 0.05 * -0.253
64 5 59 63 5 58 582185.374 0.05 -0.079
64 5 60 63 5 59 570265.709 0.05 0.049
65 5 60 64 5 59 590602.411 0.05 -0.116
65 5 61 64 5 60 578740.895 0.05 0.070
66 5 61 65 5 60 598951.494 0.05 -0.142
66 5 62 65 5 61 587199.501 0.05 0.065
67 5 63 66 5 62 595642.652 0.05 -0.004
68 5 64 67 5 63 604071.513 0.05 -0.115
10 6 5 9 6 4 89632.888 0.05 -0.061
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 221
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
11 6 5 10 6 4 98601.522 0.05 0.018
12 6 6 11 6 5 107571.583 0.05 0.027
13 6 7 12 6 6 116543.187 0.05 -0.052
15 6 9 14 6 8 134492.011 0.05 -0.025
16 6 10 15 6 9 143469.405 0.05 -0.013
17 6 11 16 6 10 152448.967 0.05 -0.003
18 6 13 17 6 12 161430.839 0.05 0.049
27 6 21 26 6 20 242396.355 0.05 * 0.525
27 6 22 26 6 21 242393.845 0.05 * 1.438
29 6 23 28 6 22 260427.277 0.05 -0.006
29 6 24 28 6 23 260418.783 0.05 * -1.032
30 6 24 29 6 23 269449.515 0.05 * -0.281
30 6 25 29 6 24 269439.505 0.05 * 0.500
31 6 25 30 6 24 278477.030 0.05 * -0.268
31 6 26 30 6 25 278462.869 0.05 * 0.956
32 6 26 31 6 25 287510.055 0.05 -0.155
33 6 27 32 6 26 296548.901 0.05 -0.115
33 6 28 32 6 27 296518.940 0.05 0.061
34 6 28 33 6 27 305594.222 0.05 -0.068
34 6 29 33 6 28 305552.866 0.05 0.029
35 6 29 34 6 28 314646.630 0.05 -0.069
35 6 30 34 6 29 314590.318 0.05 0.027
36 6 30 35 6 29 323706.982 0.05 -0.042
36 6 31 35 6 30 323631.040 0.05 -0.011
37 6 31 36 6 30 332776.015 0.05 -0.160
37 6 32 36 6 31 332674.895 0.05 0.040
38 6 32 37 6 31 341855.205 0.05 -0.004
38 6 33 37 6 32 341721.368 0.05 0.011
39 6 33 38 6 32 350945.314 0.05 -0.030
39 6 34 38 6 33 350770.122 0.05 0.001
40 6 35 39 6 34 359820.502 0.05 -0.107
44 6 38 43 6 37 396617.919 0.05 0.027
44 6 39 43 6 38 396025.087 0.05 -0.089
45 6 39 44 6 38 405810.388 0.05 0.041
45 6 40 44 6 39 405072.336 0.05 0.050
46 6 40 45 6 39 415027.291 0.05 0.017
46 6 41 45 6 40 414116.100 0.05 * 0.599
47 6 41 46 6 40 424270.962 0.05 0.020
47 6 42 46 6 41 423153.129 0.05 * -0.355
48 6 42 47 6 41 433543.399 0.05 -0.057
48 6 43 47 6 42 432184.762 0.05 -0.049
49 6 43 48 6 42 442846.679 0.05 0.093
49 6 44 48 6 43 441208.037 0.05 0.064
50 6 44 49 6 43 452181.629 0.05 0.066
50 6 45 49 6 44 450221.427 0.05 0.025
51 6 45 50 6 44 461547.887 0.05 * -0.957
51 6 46 50 6 45 459223.495 0.05 0.007
52 6 47 51 6 46 468212.633 0.05 0.031
222 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
53 6 47 52 6 46 480376.872 0.05 0.075
53 6 48 52 6 47 477187.178 0.05 0.060
54 6 48 53 6 47 489832.241 0.05 -0.138
54 6 49 53 6 48 486145.558 0.05 0.120
55 6 49 54 6 48 499309.848 0.05 0.060
56 6 50 55 6 49 508802.622 0.05 -0.042
56 6 51 55 6 50 504007.378 0.05 0.008
57 6 51 56 6 50 518302.840 0.05 * -0.406
57 6 52 56 6 51 512908.145 0.05 0.018
58 6 53 57 6 52 521787.061 0.05 0.043
59 6 54 58 6 53 530642.939 0.05 0.032
60 6 55 59 6 54 539474.760 0.05 -0.041
61 6 56 60 6 55 548281.968 0.05 0.103
62 6 56 61 6 55 565594.588 0.05 -0.160
62 6 57 61 6 56 557063.478 0.05 0.050
63 6 57 62 6 56 574944.866 0.05 0.153
63 6 58 62 6 57 565818.986 0.05 -0.004
64 6 58 63 6 57 584239.404 0.05 0.049
64 6 59 63 6 58 574548.303 0.05 0.079
65 6 59 64 6 58 593472.428 0.05 0.036
65 6 60 64 6 59 583250.883 0.05 -0.096
66 6 60 65 6 59 602638.601 0.05 0.015
11 7 5 10 7 4 98602.176 0.05 -0.008
12 7 6 11 7 5 107569.674 0.05 -0.012
13 7 7 12 7 6 116538.208 0.05 0.071
14 7 7 13 7 6 125507.488 0.05 -0.128
16 7 9 15 7 8 143449.970 0.05 0.008
18 7 11 17 7 10 161397.352 0.05 0.019
23 7 16 22 7 15 206291.754 0.05 0.028 Yes 206291.726
23 7 17 22 7 16 206291.754 0.05 0.028 Yes 206291.726
24 7 17 23 7 16 215275.705 0.20 0.039 Yes 215275.666
24 7 18 23 7 17 215275.705 0.20 0.039 Yes 215275.666
25 7 18 24 7 17 224261.496 0.20 0.024 Yes 224261.472
25 7 19 24 7 18 224261.496 0.20 0.024 Yes 224261.472
26 7 19 25 7 18 233249.264 0.20 0.039 Yes 233249.225
26 7 20 25 7 19 233249.264 0.20 0.039 Yes 233249.225
27 7 20 26 7 19 242238.752 0.05 * -0.302 Yes 242239.004
27 7 21 26 7 20 242238.752 0.05 * -0.202 Yes 242239.004
28 7 21 27 7 20 251230.932 0.20 0.040 Yes 251230.892
28 7 22 27 7 21 251230.932 0.20 0.040 Yes 251230.892
29 7 22 28 7 21 260224.990 0.20 0.017 Yes 260224.973
29 7 23 28 7 22 260224.990 0.20 0.017 Yes 260224.973
30 7 23 29 7 22 269221.438 0.20 -0.092
30 7 24 29 7 23 269222.517 0.20 * 1.382
31 7 24 30 7 23 278220.107 0.05 0.047 Yes 278220.060
31 7 25 30 7 24 278220.107 0.05 0.047 Yes 278220.060
32 7 25 31 7 24 287221.137 0.05 -0.112 Yes 287221.249
32 7 26 31 7 25 287221.137 0.05 -0.112 Yes 287221.249
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 223
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
33 7 26 32 7 25 296225.027 0.05 0.031 Yes 296224.996
33 7 27 32 7 26 296225.027 0.05 0.031 Yes 296224.996
36 7 29 35 7 28 323253.778 0.05 * -0.911
36 7 30 35 7 29 323250.824 0.05 * 0.276
37 7 30 36 7 29 332270.122 0.05 * -0.475
37 7 31 36 7 30 332265.056 0.05 * 0.330
38 7 31 37 7 30 341289.744 0.05 -0.203
38 7 32 37 7 31 341281.156 0.05 * -0.552
39 7 32 38 7 31 350312.908 0.05 -0.067
39 7 33 38 7 32 350301.603 0.05 0.071
40 7 33 39 7 32 359339.890 0.05 -0.066
40 7 34 39 7 33 359324.260 0.05 0.046
44 7 37 43 7 36 395494.656 0.05 -0.025
44 7 38 43 7 37 395442.652 0.05 * -0.388
45 7 38 44 7 37 404547.377 0.05 -0.076
46 7 39 45 7 38 413607.063 0.05 -0.048
47 7 40 46 7 39 422674.423 0.05 -0.039
47 7 41 46 7 40 422557.998 0.05 * -0.724
48 7 41 47 7 40 431750.434 0.05 -0.008
48 7 42 47 7 41 431600.936 0.05 -0.248
49 7 42 48 7 41 440836.103 0.05 -0.020
49 7 43 48 7 42 440644.892 0.05 -0.099
50 7 43 49 7 42 449932.669 0.05 -0.063
50 7 44 49 7 43 449689.597 0.05 -0.062
51 7 44 50 7 43 459041.544 0.05 -0.116
51 7 45 50 7 44 458734.579 0.05 -0.034
52 7 45 51 7 44 468163.684 0.05 * -0.779
52 7 46 51 7 45 467779.184 0.05 0.002
53 7 46 52 7 45 477304.103 0.05 * 1.232
53 7 47 52 7 46 476822.628 0.05 0.035
54 7 47 53 7 46 486458.599 0.05 -0.164
54 7 48 53 7 47 485863.932 0.05 -0.038
55 7 48 54 7 47 495634.021 0.05 -0.140
55 7 49 54 7 48 494902.362 0.05 0.029
56 7 49 55 7 48 504831.108 0.05 -0.067
56 7 50 55 7 49 503936.629 0.05 0.030
57 7 50 56 7 49 514051.843 0.05 -0.109
57 7 51 56 7 50 512965.637 0.05 0.051
58 7 51 57 7 50 523298.380 0.05 -0.196
58 7 52 57 7 51 521988.054 0.05 0.032
59 7 52 58 7 51 532572.594 0.05 * -0.365
59 7 53 58 7 52 531002.568 0.05 0.014
60 7 53 59 7 52 541875.985 0.05 * -0.699
60 7 54 59 7 53 540007.610 0.05 -0.150
61 7 55 60 7 54 549002.173 0.05 0.008
62 7 56 61 7 55 557984.283 0.05 0.026
63 7 57 62 7 56 566952.557 0.05 0.048
64 7 58 63 7 57 575905.331 0.05 -0.063
224 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
65 7 59 64 7 58 584841.525 0.05 0.115
66 7 60 65 7 59 593759.054 0.05 -0.045
67 7 61 66 7 60 602657.035 0.05 -0.032
12 8 4 11 8 3 107575.996 0.05 0.084
13 8 6 12 8 5 116543.187 0.05 * 0.274
14 8 6 13 8 5 125510.348 0.05 -0.120
16 8 8 15 8 7 143447.447 0.05 0.037
17 8 9 16 8 8 152416.863 0.05 -0.013
18 8 10 17 8 9 161387.060 0.05 0.002
19 8 11 18 8 10 170358.044 0.05 0.048
23 8 15 22 8 14 206250.147 0.05 0.070 Yes 206250.077
23 8 16 22 8 15 206250.147 0.05 0.070 Yes 206250.077
25 8 17 24 8 16 224201.746 0.20 0.093 Yes 224201.653
25 8 18 24 8 17 224201.746 0.20 0.093 Yes 224201.653
26 8 18 25 8 17 233179.066 0.20 0.108 Yes 233178.959
26 8 19 25 8 18 233179.066 0.20 0.108 Yes 233178.959
27 8 19 26 8 18 242157.368 0.20 0.042 Yes 242157.326
27 8 20 26 8 19 242157.368 0.20 0.042 Yes 242157.326
28 8 20 27 8 19 251136.899 0.20 0.104 Yes 251136.795
28 8 21 27 8 20 251136.899 0.20 0.104 Yes 251136.795
29 8 21 28 8 20 260117.497 0.20 0.093 Yes 260117.404
29 8 22 28 8 21 260117.497 0.20 0.093 Yes 260117.404
30 8 22 29 8 21 269099.279 0.20 0.086 Yes 269099.193
30 8 23 29 8 22 269099.279 0.20 0.086 Yes 269099.193
31 8 23 30 8 22 278082.217 0.05 0.017 Yes 278082.200
31 8 24 30 8 23 278082.217 0.05 0.017 Yes 278082.200
33 8 25 32 8 24 296052.045 0.05 0.006 Yes 296052.039
33 8 26 32 8 25 296052.045 0.05 0.006 Yes 296052.039
34 8 26 33 8 25 305038.931 0.05 -0.024 Yes 305038.955
34 8 27 33 8 26 305038.931 0.05 -0.024 Yes 305038.955
35 8 27 34 8 26 314027.307 0.05 0.047 Yes 314027.260
35 8 28 34 8 27 314027.307 0.05 0.047 Yes 314027.260
36 8 28 35 8 27 323017.075 0.05 0.074 Yes 323017.001
36 8 29 35 8 28 323017.075 0.05 0.074 Yes 323017.001
37 8 29 36 8 28 332008.216 0.05 -0.010 Yes 332008.226
37 8 30 36 8 29 332008.216 0.05 -0.010 Yes 332008.226
38 8 30 37 8 29 341001.108 0.05 0.123 Yes 341000.985
38 8 31 37 8 30 341001.108 0.05 0.123 Yes 341000.985
39 8 31 38 8 30 349995.813 0.05 0.225
39 8 32 38 8 31 349994.812 0.05 * -0.260
40 8 32 39 8 31 358991.428 0.05 0.110 Yes 358991.318
40 8 33 39 8 32 358991.428 0.05 0.110 Yes 358991.318
47 8 39 46 8 38 422018.338 0.05 * -0.318
47 8 40 46 8 39 422010.778 0.05 0.022
48 8 40 47 8 39 431031.484 0.05 -0.202
48 8 41 47 8 40 431020.942 0.05 -0.048
49 8 41 48 8 40 440047.354 0.05 -0.159
49 8 42 48 8 41 440033.135 0.05 -0.004
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 225
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
50 8 42 49 8 41 449066.268 0.05 -0.110
50 8 43 49 8 42 449047.215 0.05 0.016
51 8 43 50 8 42 458088.349 0.05 -0.208
51 8 44 50 8 43 458063.126 0.05 -0.019
52 8 44 51 8 43 467114.169 0.05 -0.208
52 8 45 51 8 44 467080.936 0.05 0.005
53 8 45 52 8 44 476143.925 0.05 * -0.293
53 8 46 52 8 45 476100.471 0.05 -0.017
54 8 46 53 8 45 485178.253 0.05 * -0.271
54 8 47 53 8 46 485121.748 0.05 0.037
55 8 47 54 8 46 494217.536 0.05 * -0.277
55 8 48 54 8 47 494144.491 0.05 0.030
56 8 48 55 8 47 503262.324 0.05 * -0.362
56 8 49 55 8 48 503168.579 0.05 0.025
57 8 49 56 8 48 512313.410 0.05 * -0.429
57 8 50 56 8 49 512193.754 0.05 -0.004
58 8 50 57 8 49 521371.556 0.05 * -0.520
58 8 51 57 8 50 521219.816 0.05 0.030
59 8 51 58 8 50 530437.583 0.05 * -0.735
59 8 52 58 8 51 530246.350 0.05 0.063
60 8 52 59 8 51 539512.542 0.05 * -1.074
60 8 53 59 8 52 539272.921 0.05 0.081
61 8 53 60 8 52 548597.618 0.05 * -1.545
61 8 54 60 8 53 548298.976 0.05 0.024
62 8 54 61 8 53 557693.960 0.05 * -2.335
62 8 55 61 8 54 557324.082 0.05 0.036
63 8 55 62 8 54 566802.544 0.05 * -3.958
63 8 56 62 8 55 566347.482 0.05 0.020
64 8 57 63 8 56 575368.388 0.05 -0.061
66 8 59 65 8 58 593399.508 0.05 -0.174
67 8 60 66 8 59 602408.142 0.05 0.166
13 9 5 12 9 4 116554.425 0.05 0.075
14 9 5 13 9 4 125521.252 0.05 0.024
15 9 6 14 9 5 134488.226 0.05 -0.133
16 9 7 15 9 6 143455.736 0.05 -0.021
18 9 9 17 9 8 161391.523 0.05 0.103
19 9 10 18 9 9 170359.789 0.05 0.074
24 9 15 23 9 14 215206.501 0.20 0.094 Yes 215206.407
24 9 16 23 9 15 215206.501 0.20 0.094 Yes 215206.407
25 9 16 24 9 15 224176.966 0.20 0.081 Yes 224176.885
25 9 17 24 9 16 224176.966 0.20 0.081 Yes 224176.885
26 9 17 25 9 16 233147.872 0.20 0.099 Yes 233147.773
26 9 18 25 9 17 233147.872 0.20 0.099 Yes 233147.773
27 9 18 26 9 17 242119.294 0.05 0.210 Yes 242119.084
27 9 19 26 9 18 242119.294 0.05 0.210 Yes 242119.084
28 9 19 27 9 18 251090.930 0.20 0.098 Yes 251090.832
28 9 20 27 9 19 251090.930 0.20 0.098 Yes 251090.832
29 9 20 28 9 19 260063.123 0.20 0.096 Yes 260063.027
226 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
29 9 21 28 9 20 260063.123 0.20 0.096 Yes 260063.027
33 9 24 32 9 23 295956.546 0.05 0.006 Yes 295956.540
33 9 25 32 9 24 295956.546 0.05 0.006 Yes 295956.540
34 9 25 33 9 24 304931.200 0.05 0.037 Yes 304931.163
34 9 26 33 9 25 304931.200 0.05 0.037 Yes 304931.163
35 9 26 34 9 25 313906.368 0.05 0.058 Yes 313906.310
35 9 27 34 9 26 313906.368 0.05 0.058 Yes 313906.310
36 9 27 35 9 26 322882.001 0.05 0.007 Yes 322881.994
36 9 28 35 9 27 322882.001 0.05 0.007 Yes 322881.994
37 9 28 36 9 27 331858.291 0.05 0.063 Yes 331858.228
37 9 29 36 9 28 331858.291 0.05 0.063 Yes 331858.228
38 9 29 37 9 28 340835.075 0.05 0.047 Yes 340835.028
38 9 30 37 9 29 340835.075 0.05 0.047 Yes 340835.028
39 9 30 38 9 29 349812.473 0.05 0.065 Yes 349812.408
39 9 31 38 9 30 349812.473 0.05 0.065 Yes 349812.408
40 9 31 39 9 30 358790.480 0.05 0.096 Yes 358790.384
40 9 32 39 9 31 358790.480 0.05 0.096 Yes 358790.384
45 9 36 44 9 35 403690.405 0.05 * 0.466 Yes 403689.844
45 9 37 44 9 36 403690.405 0.05 * 0.656 Yes 403689.844
46 9 37 45 9 36 412671.961 0.05 0.163 Yes 412671.798
46 9 38 45 9 37 412671.961 0.05 0.163 Yes 412671.798
47 9 38 46 9 37 421654.653 0.05 0.157 Yes 421654.496
47 9 39 46 9 38 421654.653 0.05 0.157 Yes 421654.496
48 9 39 47 9 38 430638.412 0.05 * 0.166 Yes 430637.968
48 9 40 47 9 39 430638.412 0.05 * 0.721 Yes 430637.968
49 9 40 48 9 39 439623.619 0.05 * 0.984
49 9 41 48 9 40 439621.784 0.05 -0.071
50 9 41 49 9 40 448608.271 0.05 * 0.366
50 9 42 49 9 41 448606.782 0.05 -0.035
51 9 42 50 9 41 457592.747 0.05 * -1.360 Yes 457593.354
51 9 43 50 9 42 457592.747 0.05 * 0.145 Yes 457593.354
52 9 44 51 9 43 466579.129 0.05 -0.103
53 9 44 52 9 43 475570.455 0.05 * 0.900
53 9 45 52 9 44 475566.827 0.05 0.096
54 9 46 53 9 45 484555.218 0.05 0.098
55 9 46 54 9 45 493550.720 0.05 * 1.148
55 9 47 54 9 46 493544.573 0.05 0.154
56 9 47 55 9 46 502542.534 0.05 * 1.001
56 9 48 55 9 47 502534.588 0.05 -0.052
57 9 48 56 9 47 511535.828 0.05 * 0.869
57 9 49 56 9 48 511525.773 0.05 -0.022
58 9 49 57 9 48 520530.838 0.05 * 0.844
58 9 50 57 9 49 520517.823 0.05 -0.063
59 9 50 58 9 49 529527.610 0.05 * 0.800
59 9 51 58 9 50 529510.924 0.05 0.019
60 9 51 59 9 50 538526.215 0.05 * 0.608
60 9 52 59 9 51 538504.941 0.05 0.105
61 9 52 60 9 51 547527.294 0.05 * 0.673
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 227
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
61 9 53 60 9 52 547499.846 0.05 0.201
63 9 54 62 9 53 565536.993 0.05 * 0.556
63 9 55 62 9 54 565490.604 0.05 * -1.072
64 9 55 63 9 54 574546.320 0.05 * 0.387
13 10 3 12 10 2 116570.896 0.05 0.103
14 10 4 13 10 3 125537.916 0.05 0.088
15 10 5 14 10 4 134504.871 0.05 0.001
17 10 7 16 10 6 152439.035 0.05 0.066
23 10 13 22 10 12 206241.087 0.05 -0.172 Yes 206241.259
23 10 14 22 10 13 206241.087 0.05 -0.172 Yes 206241.259
24 10 14 23 10 13 215208.287 0.20 0.009 Yes 215208.278
24 10 15 23 10 14 215208.287 0.20 0.009 Yes 215208.278
25 10 15 24 10 14 224175.349 0.20 0.069 Yes 224175.280
25 10 16 24 10 15 224175.349 0.20 0.069 Yes 224175.280
26 10 16 25 10 15 233142.334 0.20 0.074 Yes 233142.260
26 10 17 25 10 16 233142.334 0.20 0.074 Yes 233142.260
27 10 17 26 10 16 242109.283 0.20 0.068 Yes 242109.215
27 10 18 26 10 17 242109.283 0.20 0.068 Yes 242109.215
28 10 18 27 10 17 251076.195 0.20 0.056 Yes 251076.139
28 10 19 27 10 18 251076.195 0.20 0.056 Yes 251076.139
29 10 19 28 10 18 260043.085 0.20 0.057 Yes 260043.028
29 10 20 28 10 19 260043.085 0.20 0.057 Yes 260043.028
30 10 20 29 10 19 269009.987 0.20 0.112 Yes 269009.875
30 10 21 29 10 20 269009.987 0.20 0.112 Yes 269009.875
31 10 21 30 10 20 277976.627 0.05 -0.050 Yes 277976.677
31 10 22 30 10 21 277976.627 0.05 -0.050 Yes 277976.677
33 10 23 32 10 22 295909.748 0.05 * -0.372 Yes 295910.121
33 10 24 32 10 23 295909.748 0.05 * -0.372 Yes 295910.121
34 10 24 33 10 23 304876.674 0.05 -0.076 Yes 304876.750
34 10 25 33 10 24 304876.674 0.05 -0.076 Yes 304876.750
35 10 25 34 10 24 313843.211 0.05 -0.100 Yes 313843.311
35 10 26 34 10 25 313843.211 0.05 -0.100 Yes 313843.311
36 10 26 35 10 25 322809.719 0.05 -0.078 Yes 322809.797
36 10 27 35 10 26 322809.719 0.05 -0.078 Yes 322809.797
37 10 27 36 10 26 331776.112 0.05 -0.089 Yes 331776.201
37 10 28 36 10 27 331776.112 0.05 -0.089 Yes 331776.201
38 10 28 37 10 27 340742.903 0.05 * 0.384 Yes 340742.518
38 10 29 37 10 28 340742.903 0.05 * 0.384 Yes 340742.518
39 10 29 38 10 28 349708.110 0.05 * -0.632 Yes 349708.742
39 10 30 38 10 29 349708.110 0.05 * -0.632 Yes 349708.742
40 10 30 39 10 29 358674.665 0.05 -0.203 Yes 358674.868
40 10 31 39 10 30 358674.665 0.05 -0.203 Yes 358674.868
45 10 35 44 10 34 403503.592 0.05 -0.237 Yes 403503.829
45 10 36 44 10 35 403503.592 0.05 -0.237 Yes 403503.829
46 10 36 45 10 35 412468.974 0.05 * -0.287 Yes 412469.257
46 10 37 45 10 36 412468.974 0.05 * -0.277 Yes 412469.257
47 10 37 46 10 36 421434.302 0.05 * -0.259 Yes 421434.554
47 10 38 46 10 37 421434.302 0.05 * -0.245 Yes 421434.554
228 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
48 10 38 47 10 37 430399.548 0.05 -0.173 Yes 430399.721
48 10 39 47 10 38 430399.548 0.05 -0.173 Yes 430399.721
49 10 39 48 10 38 439364.456 0.05 * -0.314 Yes 439364.754
49 10 40 48 10 39 439364.456 0.05 * -0.281 Yes 439364.754
50 10 40 49 10 39 448329.389 0.05 * -0.288 Yes 448329.654
50 10 41 49 10 40 448329.389 0.05 * -0.241 Yes 448329.654
51 10 41 50 10 40 457294.194 0.05 * -0.262
51 10 42 50 10 41 457294.161 0.05 -0.227
52 10 42 51 10 41 466258.799 0.05 * -0.309 Yes 466259.060
52 10 43 51 10 42 466258.799 0.05 * -0.212 Yes 466259.060
53 10 43 52 10 42 475223.373 0.05 -0.199 Yes 475223.572
53 10 44 52 10 43 475223.373 0.05 -0.199 Yes 475223.572
54 10 44 53 10 43 484187.737 0.05 * -0.322
54 10 45 53 10 44 484187.712 0.05 -0.152
55 10 45 54 10 44 493152.183 0.05 -0.191
55 10 46 54 10 45 493152.155 0.05 0.054
56 10 46 55 10 45 502116.512 0.05 0.105 Yes 502116.407
56 10 47 55 10 46 502116.512 0.05 0.105 Yes 502116.407
57 10 47 56 10 46 511081.510 0.05 * 0.765 Yes 511080.482
57 10 48 56 10 47 511081.510 0.05 * 1.290 Yes 511080.482
60 10 50 59 10 49 537973.769 0.05 * 0.821
60 10 51 59 10 50 537971.946 0.05 * 0.330
62 10 52 61 10 51 555903.196 0.05 * 2.005
62 10 53 61 10 52 555899.151 0.05 * 0.364
63 10 53 62 10 52 564868.977 0.05 * 3.505
63 10 54 62 10 53 564862.860 0.05 * 0.591
14 11 3 13 11 2 125559.053 0.05 -0.053
16 11 5 15 11 4 143494.171 0.05 0.009
17 11 6 16 11 5 152461.372 0.05 -0.022
18 11 7 17 11 6 161428.399 0.05 -0.012
19 11 8 18 11 7 170395.204 0.05 0.007
23 11 12 22 11 11 206259.757 0.05 0.010 Yes 206259.747
23 11 13 22 11 12 206259.757 0.05 0.010 Yes 206259.747
25 11 14 24 11 13 224190.264 0.20 0.016 Yes 224190.248
25 11 15 24 11 14 224190.264 0.20 0.016 Yes 224190.248
26 11 15 25 11 14 233155.088 0.20 0.089 Yes 233154.999
26 11 16 25 11 15 233155.088 0.20 0.089 Yes 233154.999
27 11 16 26 11 15 242119.294 0.05 -0.102
28 11 17 27 11 16 251083.496 0.20 0.076 Yes 251083.420
28 11 18 27 11 17 251083.496 0.20 0.076 Yes 251083.420
29 11 18 28 11 17 260047.141 0.20 0.085 Yes 260047.056
29 11 19 28 11 18 260047.141 0.20 0.085 Yes 260047.056
30 11 19 29 11 18 269010.044 0.05 -0.241 Yes 269010.285
30 11 20 29 11 19 269010.044 0.05 -0.241 Yes 269010.285
31 11 20 30 11 19 277973.139 0.05 0.049 Yes 277973.090
31 11 21 30 11 20 277973.139 0.05 0.049 Yes 277973.090
32 11 21 31 11 20 286935.484 0.05 0.031 Yes 286935.453
32 11 22 31 11 21 286935.484 0.05 0.031 Yes 286935.453
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 229
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
33 11 22 32 11 21 295898.040 0.05 * 0.683 Yes 295897.357
33 11 23 32 11 22 295898.040 0.05 * 0.683 Yes 295897.357
34 11 23 33 11 22 304858.841 0.05 0.059 Yes 304858.782
34 11 24 33 11 23 304858.841 0.05 0.059 Yes 304858.782
35 11 24 34 11 23 313819.808 0.05 0.098 Yes 313819.710
35 11 25 34 11 24 313819.808 0.05 0.098 Yes 313819.710
36 11 25 35 11 24 322780.345 0.05 0.223 Yes 322780.122
36 11 26 35 11 25 322780.345 0.05 0.223 Yes 322780.122
37 11 26 36 11 25 331740.178 0.05 0.178 Yes 331740.000
37 11 27 36 11 26 331740.178 0.05 0.178 Yes 331740.000
38 11 27 37 11 26 340699.782 0.05 * 0.458 Yes 340699.323
38 11 28 37 11 27 340699.782 0.05 * 0.458 Yes 340699.323
39 11 28 38 11 27 349658.280 0.05 0.206 Yes 349658.074
39 11 29 38 11 28 349658.280 0.05 0.206 Yes 349658.074
40 11 29 39 11 28 358616.553 0.05 * 0.320 Yes 358616.233
40 11 30 39 11 29 358616.553 0.05 * 0.320 Yes 358616.233
53 11 43 52 11 42 475009.327 0.05 * -0.290
54 11 44 53 11 43 483956.891 0.05 * -0.586
15 12 3 14 12 2 134553.065 0.05 -0.016
16 12 4 15 12 3 143521.464 0.05 0.006
18 12 6 17 12 5 161457.126 0.05 0.010
19 12 7 18 12 6 170424.286 0.05 -0.063
25 12 13 24 12 12 224217.951 0.20 0.073 Yes 224217.878
25 12 14 24 12 13 224217.951 0.20 0.073 Yes 224217.878
26 12 14 25 12 13 233181.745 0.20 0.156 Yes 233181.589
26 12 15 25 12 14 233181.745 0.20 0.156 Yes 233181.589
27 12 15 26 12 14 242144.809 0.20 0.112 Yes 242144.697
27 12 16 26 12 15 242144.809 0.20 0.112 Yes 242144.697
28 12 16 27 12 15 251107.306 0.20 0.131 Yes 251107.175
28 12 17 27 12 16 251107.306 0.20 0.131 Yes 251107.175
29 12 17 28 12 16 260069.127 0.20 0.130 Yes 260068.997
29 12 18 28 12 17 260069.127 0.20 0.130 Yes 260068.997
30 12 18 29 12 17 269030.166 0.05 0.029 Yes 269030.137
30 12 19 29 12 18 269030.166 0.05 0.029 Yes 269030.137
32 12 20 31 12 19 286950.309 0.05 0.045 Yes 286950.264
32 12 21 31 12 20 286950.309 0.05 0.045 Yes 286950.264
33 12 21 32 12 20 295909.748 0.05 * 0.551 Yes 295909.196
33 12 22 32 12 21 295909.748 0.05 * 0.551 Yes 295909.196
34 12 22 33 12 21 304867.461 0.05 0.122 Yes 304867.339
34 12 23 33 12 22 304867.461 0.05 0.122 Yes 304867.339
35 12 23 34 12 22 313824.737 0.05 0.074 Yes 313824.663
35 12 24 34 12 23 313824.737 0.05 0.074 Yes 313824.663
36 12 24 35 12 23 322781.318 0.05 0.176 Yes 322781.142
36 12 25 35 12 24 322781.318 0.05 0.176 Yes 322781.142
37 12 25 36 12 24 331737.135 0.05 * 0.387 Yes 331736.747
37 12 26 36 12 25 331737.135 0.05 * 0.387 Yes 331736.747
38 12 26 37 12 25 340691.559 0.05 0.108 Yes 340691.451
38 12 27 37 12 26 340691.559 0.05 0.108 Yes 340691.451
230 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
39 12 27 38 12 26 349645.428 0.05 0.204 Yes 349645.225
39 12 28 38 12 27 349645.428 0.05 0.204 Yes 349645.225
40 12 28 39 12 27 358598.203 0.05 0.164 Yes 358598.039
40 12 29 39 12 28 358598.203 0.05 0.164 Yes 358598.039
51 12 40 50 12 39 457007.952 0.05 * 0.525
52 12 40 51 12 39 465946.893 0.05 * 0.425 Yes 465946.467
52 12 41 51 12 40 465946.893 0.05 * 0.425 Yes 465946.467
53 12 41 52 12 40 474884.807 0.05 * 0.637 Yes 474884.169
53 12 42 52 12 41 474884.807 0.05 * 0.637 Yes 474884.169
54 12 43 53 12 42 483821.170 0.05 * 0.666
16 13 3 15 13 2 143553.096 0.05 -0.059
17 13 4 16 13 3 152522.456 0.05 0.015
19 13 6 18 13 5 170459.419 0.05 -0.031
27 13 14 26 13 13 242182.274 0.05 0.238 Yes 242182.037
27 13 15 26 13 14 242182.274 0.05 0.238 Yes 242182.037
28 13 15 27 13 14 251143.950 0.05 -0.017
29 13 16 28 13 15 260104.960 0.05 -0.075 Yes 260105.035
29 13 17 28 13 16 260104.960 0.05 -0.075 Yes 260105.035
30 13 17 29 13 16 269065.160 0.05 -0.047 Yes 269065.207
30 13 18 29 13 17 269065.160 0.05 -0.047 Yes 269065.207
31 13 18 30 13 17 278024.322 0.05 -0.128 Yes 278024.450
31 13 19 30 13 18 278024.322 0.05 -0.128 Yes 278024.450
33 13 20 32 13 19 295939.955 0.05 -0.056 Yes 295940.011
33 13 21 32 13 20 295939.955 0.05 -0.056 Yes 295940.011
34 13 21 33 13 20 304896.225 0.05 -0.037 Yes 304896.262
34 13 22 33 13 21 304896.225 0.05 -0.037 Yes 304896.262
35 13 22 34 13 21 313851.348 0.05 -0.099 Yes 313851.447
35 13 23 34 13 22 313851.348 0.05 -0.099 Yes 313851.447
36 13 23 35 13 22 322805.592 0.05 0.059 Yes 322805.533
36 13 24 35 13 23 322805.592 0.05 0.059 Yes 322805.533
37 13 24 36 13 23 331758.536 0.05 0.052 Yes 331758.484
37 13 25 36 13 24 331758.536 0.05 0.052 Yes 331758.484
38 13 25 37 13 24 340710.552 0.05 * 0.287 Yes 340710.265
38 13 26 37 13 25 340710.552 0.05 * 0.287 Yes 340710.265
39 13 26 38 13 25 349660.730 0.05 -0.112 Yes 349660.842
39 13 27 38 13 26 349660.730 0.05 -0.112 Yes 349660.842
40 13 27 39 13 26 358610.116 0.05 -0.062 Yes 358610.178
40 13 28 39 13 27 358610.116 0.05 -0.062 Yes 358610.178
18 14 4 17 14 3 161530.060 0.05 -0.043
19 14 5 18 14 4 170499.753 0.05 -0.035
27 14 13 26 14 12 242229.195 0.05 -0.205 Yes 242229.400
27 14 14 26 14 13 242229.195 0.05 -0.205 Yes 242229.400
28 14 14 27 14 13 251191.412 0.05 -0.141 Yes 251191.552
28 14 15 27 14 14 251191.412 0.05 -0.141 Yes 251191.552
29 14 15 28 14 14 260152.492 0.05 -0.187 Yes 260152.678
29 14 16 28 14 15 260152.492 0.05 -0.187 Yes 260152.678
31 14 17 30 14 16 278071.505 0.05 -0.190 Yes 278071.695
31 14 18 30 14 17 278071.505 0.05 -0.190 Yes 278071.695
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 231
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
32 14 18 31 14 17 287029.294 0.05 -0.214 Yes 287029.508
32 14 19 31 14 18 287029.294 0.05 -0.214 Yes 287029.508
33 14 19 32 14 18 295985.871 0.05 * -0.267 Yes 295986.138
33 14 20 32 14 19 295985.871 0.05 * -0.267 Yes 295986.138
34 14 20 33 14 19 304941.247 0.05 * -0.300 Yes 304941.547
34 14 21 33 14 20 304941.247 0.05 * -0.300 Yes 304941.547
35 14 21 34 14 20 313895.401 0.05 * -0.293 Yes 313895.695
35 14 22 34 14 21 313895.401 0.05 * -0.293 Yes 313895.695
36 14 22 35 14 21 322848.243 0.05 * -0.298 Yes 322848.541
36 14 23 35 14 22 322848.243 0.05 * -0.298 Yes 322848.541
37 14 23 36 14 22 331799.672 0.05 * -0.375 Yes 331800.047
37 14 24 36 14 23 331799.672 0.05 * -0.375 Yes 331800.047
38 14 24 37 14 23 340749.808 0.05 * -0.364 Yes 340750.172
38 14 25 37 14 24 340749.808 0.05 * -0.364 Yes 340750.172
39 14 25 38 14 24 349698.440 0.05 * -0.436 Yes 349698.876
39 14 26 38 14 25 349698.440 0.05 * -0.436 Yes 349698.876
40 14 26 39 14 25 358645.691 0.05 * -0.428 Yes 358646.119
40 14 27 39 14 26 358645.691 0.05 * -0.428 Yes 358646.119
57 14 43 56 14 42 510485.299 0.05 * -0.592
58 14 44 57 14 43 519399.096 0.05 * -0.682
27 15 12 26 15 11 242285.062 0.05 * -0.356 Yes 242285.418
27 15 13 26 15 12 242285.062 0.05 * -0.356 Yes 242285.418
29 15 14 28 15 13 260208.811 0.05 * -1.426
29 15 15 28 15 14 260213.080 0.05 * 2.842
30 15 15 29 15 14 269169.257 0.05 * -1.608
30 15 16 29 15 15 269173.517 0.05 * 2.651
31 15 16 30 15 15 278128.455 0.05 * -1.792 Yes 278130.248
31 15 17 30 15 16 278128.455 0.05 * -1.792 Yes 278130.248
32 15 17 31 15 16 287086.694 0.05 * -1.647 Yes 287088.342
32 15 18 31 15 17 287086.694 0.05 * -1.647 Yes 287088.342
35 15 20 34 15 19 313955.027 0.05 * 0.569 Yes 313954.457
35 15 21 34 15 20 313955.027 0.05 * 0.569 Yes 313954.457
37 15 22 36 15 21 331858.291 0.05 * 0.331 Yes 331857.960
37 15 23 36 15 22 331858.291 0.05 * 0.331 Yes 331857.960
38 15 23 37 15 22 340808.271 0.05 * 0.864 Yes 340807.407
38 15 24 37 15 23 340808.271 0.05 * 0.864 Yes 340807.407
55 15 40 54 15 39 492667.373 0.05 -0.077
56 15 41 55 15 40 501581.388 0.05 0.077 Yes 501581.311
56 15 42 55 15 41 501581.388 0.05 0.077 Yes 501581.311
57 15 42 56 15 41 510492.734 0.05 -0.028 Yes 510492.762
57 15 43 56 15 42 510492.734 0.05 -0.028 Yes 510492.762
28 16 12 27 16 11 251313.729 0.05 * 0.262 Yes 251313.466
28 16 13 27 16 12 251313.729 0.05 * 0.262 Yes 251313.466
29 16 13 28 16 12 260276.684 0.05 0.153 Yes 260276.531
29 16 14 28 16 13 260276.684 0.05 0.153 Yes 260276.531
31 16 15 30 16 14 278198.872 0.05 0.202 Yes 278198.670
31 16 16 30 16 15 278198.872 0.05 0.202 Yes 278198.670
32 16 16 31 16 15 287157.911 0.05 * 0.260 Yes 287157.651
232 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
32 16 17 31 16 16 287157.911 0.05 * 0.260 Yes 287157.651
33 16 17 32 16 16 296115.466 0.05 * 0.288 Yes 296115.177
33 16 18 32 16 17 296115.466 0.05 * 0.288 Yes 296115.177
34 16 18 33 16 17 305071.702 0.05 * 0.499 Yes 305071.203
34 16 19 33 16 18 305071.702 0.05 * 0.499 Yes 305071.203
35 16 19 34 16 18 314025.943 0.05 * 0.263 Yes 314025.680
35 16 20 34 16 19 314025.943 0.05 * 0.263 Yes 314025.680
37 16 21 36 16 20 331930.232 0.05 * 0.431 Yes 331929.800
37 16 22 36 16 21 331930.232 0.05 * 0.431 Yes 331929.800
38 16 22 37 16 21 340879.858 0.05 * 0.508 Yes 340879.349
38 16 23 37 16 22 340879.858 0.05 * 0.508 Yes 340879.349
39 16 23 38 16 22 349827.708 0.05 * 0.547 Yes 349827.161
39 16 24 38 16 23 349827.708 0.05 * 0.547 Yes 349827.161
40 16 24 39 16 23 358773.797 0.05 * 0.609 Yes 358773.188
40 16 25 39 16 24 358773.797 0.05 * 0.609 Yes 358773.188
53 16 37 52 16 36 474887.962 0.05 * 0.633
55 16 39 54 16 38 492716.957 0.05 0.140 Yes 492716.817
55 16 40 54 16 39 492716.957 0.05 0.140 Yes 492716.817
25 17 9 24 17 8 224483.891 0.20 0.127
26 17 10 25 17 9 233452.585 0.20 0.147
27 17 11 26 17 10 242421.034 0.20 * 1.181
28 17 11 27 17 10 251386.044 0.05 0.086 Yes 251385.958
28 17 12 27 17 11 251386.044 0.05 0.086 Yes 251385.958
29 17 12 28 17 11 260350.902 0.20 0.197
29 17 13 28 17 12 260350.819 0.05 0.114
30 17 13 29 17 12 269313.897 0.05 -0.147 Yes 269314.044
30 17 14 29 17 13 269313.897 0.05 -0.147 Yes 269314.044
31 17 14 30 17 13 278275.988 0.05 0.062 Yes 278275.926
31 17 15 30 17 14 278275.988 0.05 0.062 Yes 278275.926
32 17 15 31 17 14 287236.398 0.05 0.097 Yes 287236.301
32 17 16 31 17 15 287236.398 0.05 0.097 Yes 287236.301
35 17 18 34 17 17 314107.784 0.05 -0.103 Yes 314107.887
35 17 19 34 17 18 314107.784 0.05 -0.103 Yes 314107.887
36 17 19 35 17 18 323061.695 0.05 -0.043 Yes 323061.738
36 17 20 35 17 19 323061.695 0.05 -0.043 Yes 323061.738
38 17 21 37 17 20 340964.200 0.05 0.078 Yes 340964.122
38 17 22 37 17 21 340964.200 0.05 0.078 Yes 340964.122
39 17 22 38 17 21 349912.630 0.05 0.074 Yes 349912.556
39 17 23 38 17 22 349912.630 0.05 0.074 Yes 349912.556
40 17 23 39 17 22 358859.189 0.05 0.105 Yes 358859.084
40 17 24 39 17 23 358859.189 0.05 0.105 Yes 358859.084
52 17 35 51 17 34 466049.655 0.05 * -0.781
52 17 36 51 17 35 466050.816 0.05 * 0.379
24 18 6 23 18 5 215584.294 0.20 0.079
26 18 8 25 18 7 233527.509 0.20 0.082
26 18 9 25 18 8 233526.474 0.20 -0.953
28 18 10 27 18 9 251465.492 0.05 0.179 Yes 251465.313
28 18 11 27 18 10 251465.492 0.05 0.179 Yes 251465.313
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 233
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
29 18 11 28 18 10 260432.223 0.20 0.093
29 18 12 28 18 11 260432.199 0.05 0.069
30 18 12 29 18 11 269397.265 0.05 -0.195 Yes 269397.460
30 18 13 29 18 12 269397.265 0.05 -0.195 Yes 269397.460
31 18 13 30 18 12 278360.968 0.05 * -0.284 Yes 278361.252
31 18 14 30 18 13 278360.968 0.05 * -0.284 Yes 278361.252
32 18 14 31 18 13 287323.651 0.05 0.198 Yes 287323.453
32 18 15 31 18 14 287323.651 0.05 0.198 Yes 287323.453
33 18 15 32 18 14 296283.990 0.05 -0.022 Yes 296284.012
33 18 16 32 18 15 296283.990 0.05 -0.022 Yes 296284.012
34 18 16 33 18 15 305243.047 0.05 0.170 Yes 305242.877
34 18 17 33 18 16 305243.047 0.05 0.170 Yes 305242.877
35 18 17 34 18 16 314200.096 0.05 0.101 Yes 314199.995
35 18 18 34 18 17 314200.096 0.05 0.101 Yes 314199.995
36 18 18 35 18 17 323155.416 0.05 0.101 Yes 323155.315
36 18 19 35 18 18 323155.416 0.05 0.101 Yes 323155.315
37 18 19 36 18 18 332108.949 0.05 0.165 Yes 332108.784
37 18 20 36 18 19 332108.949 0.05 0.165 Yes 332108.784
39 18 21 38 18 20 350010.374 0.05 * 0.413 Yes 350009.960
39 18 22 38 18 21 350010.374 0.05 * 0.413 Yes 350009.960
25 19 7 24 19 6 224635.090 0.20 0.464
27 19 8 26 19 7 242580.229 0.20 -0.139 Yes 242580.368
27 19 9 26 19 8 242580.229 0.20 -0.139 Yes 242580.368
28 19 9 27 19 8 251551.039 0.20 -0.058 Yes 251551.097
28 19 10 27 19 9 251551.039 0.20 -0.058 Yes 251551.097
29 19 10 28 19 9 260520.425 0.20 0.099 Yes 260520.327
29 19 11 28 19 10 260520.425 0.20 0.099 Yes 260520.327
30 19 11 29 19 10 269487.950 0.05 -0.052 Yes 269488.002
30 19 12 29 19 11 269487.950 0.05 -0.052 Yes 269488.002
31 19 12 30 19 11 278454.165 0.05 0.095 Yes 278454.070
31 19 13 30 19 12 278454.165 0.05 0.095 Yes 278454.070
32 19 13 31 19 12 287418.411 0.05 -0.065 Yes 287418.476
32 19 14 31 19 13 287418.411 0.05 -0.065 Yes 287418.476
33 19 14 32 19 13 296381.144 0.05 -0.023 Yes 296381.167
33 19 15 32 19 14 296381.144 0.05 -0.023 Yes 296381.167
34 19 15 33 19 14 305342.176 0.05 0.088
34 19 16 33 19 15 305342.947 0.05 * 0.859
37 19 18 36 19 17 332213.693 0.05 0.000 Yes 332213.693
37 19 19 36 19 18 332213.693 0.05 0.000 Yes 332213.693
39 19 20 38 19 19 350118.143 0.05 -0.114 Yes 350118.257
39 19 21 38 19 20 350118.143 0.05 -0.114 Yes 350118.257
40 19 21 39 19 20 359067.794 0.05 * 0.368 Yes 359067.425
40 19 22 39 19 21 359067.794 0.05 * 0.368 Yes 359067.425
24 20 4 23 20 3 215739.842 0.20 -0.332
26 20 6 25 20 5 233694.266 0.20 -0.196
31 20 11 30 20 10 278553.616 0.05 * -0.315 Yes 278553.931
31 20 12 30 20 11 278553.616 0.05 * -0.315 Yes 278553.931
32 20 12 31 20 11 287520.853 0.05 -0.026 Yes 287520.879
234 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
32 20 13 31 20 12 287520.853 0.05 -0.026 Yes 287520.879
40 20 20 39 20 19 359187.807 0.05 0.058 Yes 359187.749
40 20 21 39 20 20 359187.807 0.05 0.058 Yes 359187.749
32 21 11 31 21 10 287629.980 0.05 * -0.294 Yes 287630.275
32 21 12 31 21 11 287629.980 0.05 * -0.294 Yes 287630.275
33 21 12 32 21 11 296598.046 0.05 -0.189 Yes 296598.235
33 21 13 32 21 12 296598.046 0.05 -0.189 Yes 296598.235
34 21 13 33 21 12 305564.104 0.05 -0.201 Yes 305564.305
34 21 14 33 21 13 305564.104 0.05 -0.201 Yes 305564.305
35 21 14 34 21 13 314528.291 0.05 -0.136 Yes 314528.427
35 21 15 34 21 14 314528.291 0.05 -0.136 Yes 314528.427
31 22 9 30 22 8 278773.926 0.05 * 0.494 Yes 278773.431
31 22 10 30 22 9 278773.926 0.05 * 0.494 Yes 278773.431
33 22 11 32 22 10 296717.093 0.05 * -0.295 Yes 296717.389
33 22 12 32 22 11 296717.093 0.05 * -0.295 Yes 296717.389
33 25 8 32 25 7 297114.394 0.05 * 0.332 Yes 297114.062
33 25 9 32 25 8 297114.394 0.05 * 0.332 Yes 297114.062
13 1 13 12 0 12 122543.000 0.05 * -0.350
15 1 15 14 0 14 137179.600 0.05 -0.122
16 1 16 15 0 15 144648.210 0.05 -0.021
18 1 18 17 0 17 159916.480 0.05 -0.009
19 1 19 18 0 18 167711.910 0.05 -0.011
24 1 24 23 0 23 207969.752 0.05 0.060
27 1 27 26 0 26 232801.268 0.05 0.091
28 1 28 27 0 27 241142.845 0.05 -0.001
29 1 29 28 0 28 249507.250 0.20 0.011
30 1 30 29 0 29 257889.975 0.20 0.040
31 1 31 30 0 30 266287.210 0.05 -0.030
32 1 32 31 0 31 274696.101 0.05 0.007
33 1 33 32 0 32 283114.059 0.05 0.085
34 1 34 33 0 33 291538.710 0.05 -0.103
35 1 35 34 0 34 299968.898 0.05 -0.022
37 1 37 36 0 36 316839.697 0.05 0.002
38 1 38 37 0 37 325278.260 0.05 -0.079
40 1 40 39 0 39 342158.416 0.05 -0.017
41 1 41 40 0 40 350598.647 0.05 -0.157
42 1 42 41 0 41 359038.690 0.05 -0.147
15 2 13 14 1 14 243482.507 0.05 * -0.372
19 2 17 18 1 18 312844.684 0.05 * -0.445
20 2 18 19 1 19 331920.295 0.05 * -0.888
21 2 19 20 1 20 351644.295 0.05 -0.019
25 2 24 24 1 23 237496.430 0.20 -0.171
26 2 25 25 1 24 243875.541 0.05 * -0.521
27 2 26 26 1 25 250448.188 0.05 -0.083
29 2 28 28 1 27 264177.414 0.05 0.011
30 2 29 29 1 28 271323.148 0.05 0.008
33 2 32 32 1 31 293737.698 0.05 -0.035
34 2 33 33 1 32 301483.294 0.05 -0.005
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 235
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
35 2 34 34 1 33 309339.085 0.05 -0.229
36 2 35 35 1 34 317290.820 0.05 0.007
37 2 36 36 1 35 325324.004 0.05 -0.019
38 2 37 37 1 36 333426.572 0.05 0.044
39 2 38 38 1 37 341587.330 0.05 0.005
41 2 40 40 1 39 358046.508 0.05 -0.104
31 3 28 30 2 29 492574.203 0.05 * -0.964
56 3 54 55 2 53 490974.285 0.05 -0.058
58 3 56 57 2 55 507545.059 0.05 -0.084
59 3 57 58 2 56 515857.164 0.05 -0.066
6 0 6 5 1 5 33867.010 0.05 * 0.272
9 0 9 8 1 8 64138.761 0.05 0.214
10 0 10 9 1 9 74274.871 0.05 0.226
11 0 11 10 1 10 84370.916 0.05 0.181
12 0 12 11 1 11 94394.408 0.05 0.159
13 0 13 12 1 12 104318.832 0.05 0.152
14 0 14 13 1 13 114124.898 0.05 0.173
15 0 15 14 1 14 123800.731 0.05 0.111
15 0 15 14 1 14 123800.770 0.05 0.150
16 0 16 15 1 15 133341.778 0.05 0.080
16 0 16 15 1 15 133341.790 0.05 0.092
17 0 17 16 1 16 142749.430 0.05 0.090
18 0 18 17 1 17 152029.730 0.05 0.128
20 0 20 19 1 19 170247.210 0.05 0.169
26 0 26 25 1 25 222980.712 0.20 0.035
27 0 27 26 1 26 231595.472 0.20 0.057
28 0 28 27 1 27 240180.479 0.05 0.134
29 0 29 28 1 28 248740.677 0.05 0.045
30 0 30 29 1 29 257280.688 0.05 0.097
31 0 31 30 1 30 265803.801 0.05 0.005
32 0 32 31 1 31 274313.220 0.05 0.031
33 0 33 32 1 32 282811.180 0.05 0.007
34 0 34 33 1 33 291299.700 0.05 -0.001
37 0 37 36 1 36 316722.839 0.05 0.003
38 0 38 37 1 37 325186.427 0.05 -0.066
39 0 39 38 1 38 333646.019 0.05 0.020
41 0 41 40 1 40 350554.370 0.05 -0.085
42 0 42 41 1 41 359004.030 0.05 -0.070
54 1 53 53 2 52 466753.823 0.05 0.060
57 1 56 56 2 55 492012.962 0.05 -0.126
59 1 58 58 2 57 508836.103 0.05 * 1.208
60 1 59 59 2 58 517241.073 0.05 0.007
61 1 60 60 2 59 525644.205 0.05 -0.036
6 1 5 6 0 6 28352.470 0.05 -0.161
7 1 6 7 0 7 30319.440 0.05 -0.087
8 1 7 8 0 8 32665.470 0.05 -0.076
9 1 8 9 0 9 35422.430 0.05 0.011
10 1 9 10 0 10 38619.800 0.05 0.097
236 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.4: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
13 1 12 13 0 13 51060.720 0.05 0.079
14 1 13 14 0 14 56179.750 0.05 -0.015
15 1 14 15 0 15 61767.700 0.05 0.086
4 2 2 4 1 3 66646.700 0.05 0.002
5 2 3 5 1 4 65624.716 0.05 0.193
6 2 4 6 1 5 64485.520 0.05 -0.011
7 2 5 7 1 6 63276.464 0.05 0.004
7 2 6 7 1 7 75634.778 0.05 -0.052
8 2 6 8 1 7 62050.152 0.05 -0.030
8 2 7 8 1 8 77583.633 0.05 -0.017
9 2 7 9 1 8 60864.220 0.05 -0.035
9 2 8 9 1 9 79785.357 0.05 0.101
10 2 8 10 1 9 59779.072 0.05 0.016
10 2 9 10 1 10 82241.252 0.05 0.133
11 2 9 11 1 10 58855.583 0.05 -0.050
11 2 10 11 1 11 84952.027 0.05 0.034
12 2 10 12 1 11 58153.496 0.05 -0.060
12 2 11 12 1 12 87917.771 0.05 0.054
13 2 11 13 1 12 57729.017 0.05 -0.070
13 2 12 13 1 13 91137.133 0.05 0.094
14 2 12 14 1 13 57633.828 0.05 -0.094
14 2 13 14 1 14 94607.607 0.05 0.141
15 2 13 15 1 14 57914.501 0.05 -0.144
15 2 14 15 1 15 98325.298 0.05 0.144
16 2 14 16 1 15 58612.712 0.05 -0.062
16 2 15 16 1 16 102284.933 0.05 0.086
45 2 43 45 1 44 242126.519 0.20 -0.644
9 3 6 9 2 7 113177.296 0.05 * 0.472
9 3 7 9 2 8 115482.996 0.05 * 0.427
10 3 7 10 2 8 112415.130 0.05 * 0.629
10 3 8 10 2 9 115810.405 0.05 -0.234
11 3 8 11 2 9 111442.733 0.05 * 0.520
11 3 9 11 2 10 116239.559 0.05 -0.037
12 3 9 12 2 10 110246.691 0.05 * 0.260
13 3 10 13 2 11 108824.190 0.05 0.175
13 3 11 13 2 12 117465.076 0.05 * 0.278
14 3 11 14 2 12 107183.991 0.05 0.091
14 3 12 14 2 13 118293.859 0.05 * 0.562
15 3 12 15 2 13 105347.912 0.05 0.068
15 3 13 15 2 14 119286.690 0.05 0.047
16 3 13 16 2 14 103350.247 0.05 0.019
16 3 14 16 2 15 120459.646 0.05 -0.047
12 4 9 12 3 10 160457.770 0.05 -0.058
13 4 10 13 3 11 160405.953 0.05 * -0.603
14 4 11 14 3 12 160357.535 0.05 * -0.850
15 4 12 15 3 13 160317.909 0.05 * -1.560
16 4 13 16 3 14 160296.591 0.05 * -0.935
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 237
Tabla A4. Los para´metros de la cabecera de las columnas para las medida de las transiciones de
CH3CH2CN ν20 es la siguiente: Col. 1-3 y 4-6 se corresponde con los nu´meros cua´nticos del nivel
superior e inferior respectivamente. Col. 7 y 8 es la frecuencia observada y el error en la frecuencia,
respectivamente. Col. 9 indica con un ∗ aquellas lı´neas no ajustadas. Col. 10 se corresponde con la
diferencia entre las frecuencias observada y calculada. Col. 11 indica con [Yes] si existe solapamiento
con otra especie molecular. Col. 12 muestra el pico de frecuencia media ponderada
238 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.5: Measured transitions of ν12 of ethyl cyanide.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
2 0 2 1 0 1 17864.600 0.05 -0.002
4 0 4 3 0 3 35670.530 0.05 0.008
5 0 5 4 0 4 44533.415 0.05 -0.032
6 0 6 5 0 5 53360.500 0.05 -0.108
7 0 7 6 0 6 62145.961 0.05 -0.045
8 0 8 7 0 7 70884.747 0.05 -0.022
9 0 9 8 0 8 79573.643 0.05 0.009
10 0 10 9 0 9 88211.405 0.05 0.014
11 0 11 10 0 10 96799.224 0.05 0.052
12 0 12 11 0 11 105340.472 0.05 -0.003
13 0 13 12 0 12 113840.205 0.05 * -0.646
14 0 14 13 0 13 122307.260 0.05 -0.031
15 0 15 14 0 14 130747.370 0.05 -0.061
16 0 16 15 0 15 139168.740 0.05 -0.016
17 0 17 16 0 16 147578.040 0.05 0.073
18 0 18 17 0 17 155980.540 0.05 -0.039
19 0 19 18 0 18 164380.830 0.05 0.040
20 0 20 19 0 19 172781.540 0.05 0.001
21 0 21 20 0 20 181184.626 0.05 -0.057
22 0 22 21 0 21 189591.210 0.05 -0.025
24 0 24 23 0 23 206415.694 0.05 -0.025
25 0 25 24 0 24 214833.350 0.20 0.013
26 0 26 25 0 25 223253.988 0.20 -0.023
27 0 27 26 0 26 231677.220 0.20 -0.020
28 0 28 27 0 27 240102.494 0.20 -0.018
29 0 29 28 0 28 248529.317 0.20 -0.019
30 0 30 29 0 29 256957.240 0.20 -0.018
31 0 31 30 0 30 265385.866 0.20 -0.001
32 0 32 31 0 31 273814.760 0.05 -0.042
33 0 33 32 0 32 282243.700 0.05 -0.047
34 0 34 33 0 33 290672.400 0.05 -0.029
35 0 35 34 0 34 299100.620 0.05 0.007
36 0 36 35 0 35 307528.050 0.05 -0.046
37 0 37 36 0 36 315954.680 0.05 -0.026
38 0 38 37 0 37 324380.260 0.05 -0.031
39 0 39 38 0 38 332804.704 0.05 -0.019
41 0 41 40 0 40 349649.700 0.05 0.011
42 0 42 41 0 41 358070.040 0.05 0.005
47 0 47 46 0 46 400147.522 0.05 0.056
48 0 48 47 0 47 408557.567 0.05 -0.102
51 0 51 50 0 50 433776.677 0.05 0.156 Yes 433776.521
52 0 52 51 0 51 442178.993 0.05 0.021 Yes 442178.971
53 0 53 52 0 52 450579.248 0.05 -0.098 Yes 450579.346
54 0 54 53 0 53 458977.589 0.05 -0.016 Yes 458977.604
55 0 55 54 0 54 467373.687 0.05 -0.022 Yes 467373.709
56 0 56 55 0 55 475767.684 0.05 0.064 Yes 475767.620
57 0 57 56 0 56 484159.357 0.05 0.058 Yes 484159.299
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 239
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
58 0 58 57 0 57 492548.695 0.05 -0.013 Yes 492548.708
59 0 59 58 0 58 500935.738 0.05 -0.070 Yes 500935.808
60 0 60 59 0 59 509320.546 0.05 -0.015 Yes 509320.561
61 0 61 60 0 60 517702.903 0.05 -0.026 Yes 517702.929
62 0 62 61 0 61 526082.858 0.05 -0.016 Yes 526082.874
63 0 63 62 0 62 534460.338 0.05 -0.021 Yes 534460.359
64 0 64 63 0 63 542835.317 0.05 -0.029 Yes 542835.346
65 0 65 64 0 64 551207.708 0.05 -0.089 Yes 551207.797
66 0 66 65 0 65 559577.635 0.05 -0.041 Yes 559577.676
67 0 67 66 0 66 567944.903 0.05 -0.042 Yes 567944.945
68 0 68 67 0 67 576309.587 0.05 0.020 Yes 576309.567
69 0 69 68 0 68 584671.447 0.05 -0.059 Yes 584671.506
70 0 70 69 0 69 593030.669 0.05 -0.055 Yes 593030.724
71 0 71 70 0 70 601387.042 0.05 -0.144 Yes 601387.186
2 1 1 1 1 0 18350.740 0.05 -0.039
2 1 2 1 1 1 17393.370 0.05 0.002
3 1 2 2 1 1 27521.430 0.05 0.065
3 1 3 2 1 2 26085.360 0.05 -0.038
4 1 3 3 1 2 36686.140 0.05 0.049
4 1 4 3 1 3 34772.025 0.05 0.082
6 1 5 5 1 4 54989.370 0.05 -0.002
6 1 6 5 1 5 52122.220 0.05 0.174
7 1 6 6 1 5 64123.120 0.05 -0.133
7 1 7 6 1 6 60782.560 0.05 -0.149
8 1 7 7 1 6 73241.870 0.05 0.020
8 1 8 7 1 7 69432.030 0.05 -0.120
9 1 8 8 1 7 82342.255 0.05 -0.035
9 1 9 8 1 8 78069.310 0.05 -0.096
10 1 9 9 1 8 91421.395 0.05 -0.029
10 1 10 9 1 9 86693.690 0.05 -0.054
11 1 10 10 1 9 100475.874 0.05 0.055
11 1 11 10 1 10 95304.700 0.05 0.036
12 1 11 11 1 10 109501.744 0.05 -0.001
12 1 12 11 1 11 103901.874 0.05 -0.028
13 1 12 12 1 11 118495.280 0.05 0.079
13 1 13 12 1 12 112485.464 0.05 0.041
14 1 13 13 1 12 127451.880 0.05 -0.089
14 1 14 13 1 13 121055.329 0.05 -0.078
15 1 14 14 1 13 136367.640 0.05 -0.071
15 1 15 14 1 14 129612.200 0.05 -0.024
16 1 15 15 1 14 145238.140 0.05 0.007
16 1 16 15 1 15 138156.370 0.05 -0.039
17 1 16 16 1 15 154059.170 0.05 -0.042
17 1 17 16 1 16 146688.830 0.05 0.201
18 1 17 17 1 16 162827.510 0.05 0.021
18 1 18 17 1 17 155209.630 0.05 -0.022
19 1 18 18 1 17 171540.370 0.05 -0.053
19 1 19 18 1 18 163720.300 0.05 -0.009
240 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
20 1 19 19 1 18 180196.783 0.05 0.027
20 1 20 19 1 19 172221.400 0.05 -0.066
21 1 20 20 1 19 188796.848 0.05 0.004
21 1 21 20 1 20 180713.974 0.05 -0.020
22 1 21 21 1 20 197342.831 0.05 -0.049
22 1 22 21 1 21 189198.692 0.05 -0.052
23 1 22 22 1 21 205838.918 0.05 -0.014
24 1 23 23 1 22 214290.747 0.20 -0.013
24 1 24 23 1 23 206148.079 0.05 -0.026
25 1 24 24 1 23 222705.404 0.20 -0.003
25 1 25 24 1 24 214614.146 0.20 -0.023
26 1 25 25 1 24 231090.633 0.20 -0.001
26 1 26 25 1 25 223075.350 0.20 0.005
27 1 26 26 1 25 239454.291 0.20 0.010
27 1 27 26 1 26 231532.173 0.20 -0.014
28 1 27 27 1 26 247803.708 0.20 0.014
28 1 28 27 1 27 239985.159 0.20 -0.020
29 1 28 28 1 27 256145.293 0.05 0.022
29 1 29 28 1 28 248434.712 0.20 -0.022
30 1 29 29 1 28 264484.230 0.20 0.011
30 1 30 29 1 29 256881.195 0.05 -0.011
31 1 30 30 1 29 272824.500 0.05 0.034
31 1 31 30 1 30 265324.871 0.20 -0.019
32 1 31 31 1 30 281168.780 0.05 0.038
32 1 32 31 1 31 273765.980 0.05 -0.048
33 1 32 32 1 31 289518.760 0.05 0.031
33 1 33 32 1 32 282204.780 0.05 -0.040
34 1 33 33 1 32 297875.270 0.05 -0.006
34 1 34 33 1 33 290641.410 0.05 -0.012
35 1 34 34 1 33 306238.670 0.05 0.069
35 1 35 34 1 34 299075.910 0.05 -0.050
36 1 35 35 1 34 314608.530 0.05 0.049
36 1 36 35 1 35 307508.530 0.05 0.002
37 1 36 36 1 35 322984.420 0.05 0.011
37 1 37 36 1 36 315939.070 0.05 -0.127
38 1 37 37 1 36 331365.734 0.05 0.023
38 1 38 37 1 37 324367.990 0.05 -0.027
39 1 38 38 1 37 339751.651 0.05 0.012
40 1 39 39 1 38 348141.450 0.05 0.024
40 1 40 39 1 39 341220.210 0.05 -0.020
40 1 40 39 1 39 341220.220 0.05 -0.010
41 1 40 40 1 39 356534.370 0.05 0.037
41 1 41 40 1 40 349643.500 0.05 -0.149
41 1 41 40 1 40 349643.516 0.05 -0.132
42 1 42 41 1 41 358065.280 0.05 0.003
46 1 45 45 1 44 398523.685 0.05 0.031
47 1 46 46 1 45 406922.970 0.05 0.011
47 1 47 46 1 46 400145.964 0.05 -0.076
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 241
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
47 1 47 46 1 46 400145.964 0.05 -0.076
48 1 47 47 1 46 415321.843 0.05 -0.005
48 1 48 47 1 47 408556.695 0.05 0.144
48 1 48 47 1 47 408556.696 0.05 0.145
49 1 48 48 1 47 423720.075 0.05 0.041
50 1 49 49 1 48 432117.267 0.05 -0.006
51 1 51 50 1 50 433776.677 0.05 0.156 Yes 433776.521
52 1 51 51 1 50 448908.048 0.05 -0.039
52 1 52 51 1 51 442178.993 0.05 0.021 Yes 442178.971
53 1 52 52 1 51 457301.347 0.05 0.029
53 1 53 52 1 52 450579.248 0.05 -0.098 Yes 450579.346
54 1 53 53 1 52 465692.933 0.05 0.027
54 1 54 53 1 53 458977.589 0.05 -0.016 Yes 458977.604
55 1 55 54 1 54 467373.687 0.05 -0.022 Yes 467373.709
56 1 55 55 1 54 482470.747 0.05 0.068
56 1 56 55 1 55 475767.684 0.05 0.064 Yes 475767.620
57 1 56 56 1 55 490856.536 0.05 -0.123
57 1 57 56 1 56 484159.357 0.05 0.058 Yes 484159.299
58 1 57 57 1 56 499240.694 0.05 0.109
58 1 58 57 1 57 492548.695 0.05 -0.013 Yes 492548.708
59 1 58 58 1 57 507622.313 0.05 -0.066
59 1 59 58 1 58 500935.738 0.05 -0.070 Yes 500935.808
60 1 59 59 1 58 516001.979 0.05 0.010
60 1 60 59 1 59 509320.546 0.05 -0.015 Yes 509320.561
61 1 60 60 1 59 524379.343 0.05 0.052
61 1 61 60 1 60 517702.903 0.05 -0.026 Yes 517702.929
62 1 61 61 1 60 532754.367 0.05 0.082
62 1 62 61 1 61 526082.858 0.05 -0.016 Yes 526082.874
63 1 62 62 1 61 541127.003 0.05 0.112
63 1 63 62 1 62 534460.338 0.05 -0.021 Yes 534460.359
64 1 63 63 1 62 549497.036 0.05 -0.024
64 1 64 63 1 63 542835.317 0.05 -0.029 Yes 542835.346
65 1 64 64 1 63 557864.289 0.05 0.046 Yes 557864.243
65 1 65 64 1 64 551207.708 0.05 -0.089 Yes 551207.797
66 1 65 65 1 64 566229.332 0.05 -0.152 Yes 566229.484
66 1 66 65 1 65 559577.635 0.05 -0.041 Yes 559577.676
67 1 66 66 1 65 574592.186 0.05 0.067 Yes 574592.120
67 1 67 66 1 66 567944.903 0.05 -0.042 Yes 567944.945
68 1 67 67 1 66 582952.317 0.05 0.209 Yes 582952.108
68 1 68 67 1 67 576309.587 0.05 0.020 Yes 576309.567
69 1 69 68 1 68 584671.447 0.05 -0.059 Yes 584671.506
70 1 69 69 1 68 599664.076 0.05 0.091 Yes 599663.985
70 1 70 69 1 69 593030.669 0.05 -0.055 Yes 593030.724
71 1 71 70 1 70 601387.042 0.05 -0.144 Yes 601387.186
4 2 3 3 2 2 35739.020 0.05 -0.061
5 2 3 4 2 2 44809.152 0.05 -0.038
5 2 4 4 2 3 44664.238 0.05 0.014
6 2 4 5 2 3 53835.700 0.05 0.073
242 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
6 2 5 5 2 4 53582.850 0.05 -0.109
7 2 5 6 2 4 62895.690 0.05 0.009
7 2 6 6 2 5 62493.980 0.05 -0.036
8 2 6 7 2 5 71992.850 0.05 -0.004
8 2 7 7 2 6 71395.960 0.05 -0.178
9 2 7 8 2 6 81128.961 0.05 -0.064
9 2 8 8 2 7 80288.123 0.05 0.043
10 2 8 9 2 7 90304.007 0.05 0.007
10 2 9 9 2 8 89168.642 0.05 0.016
11 2 9 10 2 8 99515.086 0.05 -0.122
11 2 10 10 2 9 98036.578 0.05 -0.007
12 2 10 11 2 9 108757.634 0.05 -0.034
12 2 11 11 2 10 106890.807 0.05 -0.002
13 2 11 12 2 10 118024.280 0.05 -0.003
13 2 12 12 2 11 115730.142 0.05 -0.061
14 2 13 13 2 12 124553.700 0.05 -0.036
15 2 13 14 2 12 136594.740 0.05 -0.023
15 2 14 14 2 13 133360.480 0.05 0.023
16 2 14 15 2 13 145879.980 0.05 0.051
16 2 15 15 2 14 142149.580 0.05 0.073
17 2 15 16 2 14 155153.190 0.05 -0.043
17 2 16 16 2 15 150920.120 0.05 -0.021
18 2 16 17 2 15 164407.010 0.05 0.029
18 2 17 17 2 16 159671.613 0.05 -0.122
19 2 18 18 2 17 168403.770 0.05 -0.037
20 2 18 19 2 17 182830.478 0.05 -0.070
20 2 19 19 2 18 177115.968 0.05 -0.059
21 2 19 20 2 18 191990.113 0.05 -0.020
21 2 20 20 2 19 185808.194 0.05 -0.031
22 2 20 21 2 19 201109.222 0.05 -0.039
22 2 21 21 2 20 194480.422 0.05 0.019
23 2 21 22 2 20 210184.194 0.05 -0.033
23 2 22 22 2 21 203132.731 0.05 0.003
24 2 22 23 2 21 219211.519 0.20 -0.032
24 2 23 23 2 22 211765.533 0.05 -0.005
25 2 23 24 2 22 228187.866 0.20 -0.022
25 2 24 24 2 23 220379.337 0.20 0.007
26 2 24 25 2 23 237110.011 0.20 -0.013
26 2 25 25 2 24 228974.766 0.20 0.016
27 2 25 26 2 24 245974.930 0.05 -0.026
27 2 26 26 2 25 237552.581 0.20 0.010
28 2 26 27 2 25 254780.032 0.05 -0.016
28 2 27 27 2 26 246113.697 0.20 0.016
29 2 27 28 2 26 263523.254 0.20 -0.013
29 2 28 28 2 27 254659.061 0.20 0.010
30 2 28 29 2 27 272203.430 0.05 -0.030
30 2 29 29 2 28 263189.690 0.05 -0.027
31 2 29 30 2 28 280820.531 0.05 -0.116
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 243
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
31 2 30 30 2 29 271706.790 0.05 0.041
32 2 30 31 2 29 289376.270 0.05 -0.014
32 2 31 31 2 30 280211.270 0.05 0.039
33 2 31 32 2 30 297873.510 0.05 0.072
33 2 32 32 2 31 288704.210 0.05 -0.027
34 2 32 33 2 31 306316.842 0.05 0.026
34 2 33 33 2 32 297186.830 0.05 0.021
35 2 33 34 2 32 314712.485 0.05 -0.130
35 2 34 34 2 33 305659.919 0.05 -0.027
36 2 34 35 2 33 323068.223 0.05 0.019
36 2 35 35 2 34 314124.660 0.05 0.076
37 2 35 36 2 34 331391.648 0.05 0.004
37 2 36 36 2 35 322581.620 0.05 0.031
38 2 36 37 2 35 339691.087 0.05 -0.068
39 2 37 38 2 36 347974.578 0.05 -0.001
39 2 38 38 2 37 339475.870 0.05 0.074
40 2 38 39 2 37 356248.990 0.05 0.038
40 2 39 39 2 38 347914.350 0.05 0.004
41 2 40 40 2 39 356348.000 0.05 0.035
45 2 43 44 2 42 397649.403 0.05 0.014
46 2 44 45 2 43 405952.081 0.05 -0.042
46 2 45 45 2 44 398456.819 0.05 0.018
47 2 45 46 2 44 414263.883 0.05 -0.060
47 2 46 46 2 45 406868.867 0.05 0.034
48 2 46 47 2 45 422584.375 0.05 -0.027
48 2 47 47 2 46 415278.078 0.05 -0.022
49 2 47 48 2 46 430912.829 0.05 0.038
49 2 48 48 2 47 423684.783 0.05 0.051
50 2 48 49 2 47 439248.220 0.05 -0.027
50 2 49 49 2 48 432088.831 0.05 0.004
51 2 49 50 2 48 447589.811 0.05 -0.030
51 2 50 50 2 49 440490.583 0.05 0.121
52 2 50 51 2 49 455936.622 0.05 -0.013
53 2 52 52 2 51 457286.501 0.05 -0.049
54 2 52 53 2 51 472642.218 0.05 -0.041
54 2 53 53 2 52 465681.223 0.05 0.159
55 2 53 54 2 52 480999.474 0.05 0.013
55 2 54 54 2 53 474073.271 0.05 0.027
56 2 54 55 2 53 489358.519 0.05 -0.105
56 2 55 55 2 54 482463.127 0.05 0.039
57 2 55 56 2 54 497718.986 0.05 -0.136
57 2 56 56 2 55 490850.619 0.05 0.029
58 2 56 57 2 55 506080.333 0.05 -0.063
58 2 57 57 2 56 499235.759 0.05 0.022
59 2 57 58 2 56 514441.916 0.05 -0.044
59 2 58 58 2 57 507618.543 0.05 0.034
60 2 58 59 2 57 522803.371 0.05 -0.014
60 2 59 59 2 58 515998.950 0.05 0.067
244 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
61 2 59 60 2 58 531164.260 0.05 -0.038
61 2 60 60 2 59 524376.835 0.05 0.004
62 2 60 61 2 59 539524.322 0.05 -0.055
62 2 61 61 2 60 532752.284 0.05 -0.040
63 2 61 62 2 60 547883.310 0.05 -0.030
63 2 62 62 2 61 541125.257 0.05 -0.073
64 2 62 63 2 61 556240.924 0.05 -0.016
64 2 63 63 2 62 549496.016 0.05 0.199
65 2 63 64 2 62 564596.857 0.05 -0.107
65 2 64 64 2 63 557864.289 0.05 0.046 Yes 557864.243
66 2 65 65 2 64 566229.332 0.05 -0.152 Yes 566229.484
67 2 66 66 2 65 574592.186 0.05 0.067 Yes 574592.120
68 2 66 67 2 65 589653.865 0.05 0.032
68 2 67 67 2 66 582952.317 0.05 0.209 Yes 582952.108
69 2 67 68 2 66 598001.983 0.05 0.079
70 2 69 69 2 68 599664.076 0.05 0.091 Yes 599663.985
6 3 4 5 3 3 53656.922 0.05 * 0.260
7 3 4 6 3 3 62618.676 0.05 -0.075
7 3 5 6 3 4 62610.159 0.05 0.091
8 3 5 7 3 4 71584.666 0.05 -0.120
8 3 6 7 3 5 71567.490 0.05 0.038
9 3 6 8 3 5 80560.359 0.05 -0.088
9 3 7 8 3 6 80528.819 0.05 0.070
10 3 7 9 3 6 89547.745 0.05 -0.074
10 3 8 9 3 7 89493.703 0.05 0.034
11 3 8 10 3 7 98549.238 0.05 -0.042
11 3 9 10 3 8 98461.714 0.05 0.026
12 3 9 11 3 8 107567.469 0.05 -0.033
12 3 10 11 3 9 107432.075 0.05 0.023
13 3 10 12 3 9 116605.752 0.05 * 0.324
13 3 11 12 3 10 116403.809 0.05 0.028
14 3 12 13 3 11 125375.722 0.05 0.033
15 3 12 14 3 11 134753.141 0.05 0.000
15 3 13 14 3 12 134346.367 0.05 -0.035
16 3 13 15 3 12 143869.389 0.05 -0.036
16 3 14 15 3 13 143314.437 0.05 0.044
17 3 14 16 3 13 153018.017 0.05 0.009
17 3 15 16 3 14 152277.861 0.05 -0.152
18 3 15 17 3 14 162201.270 0.05 0.021
18 3 16 17 3 15 161235.519 0.05 -0.008
19 3 17 18 3 16 170185.184 0.05 0.030
20 3 17 19 3 16 180676.070 0.05 0.002
20 3 18 19 3 17 179125.070 0.05 -0.034
21 3 18 20 3 17 189966.192 0.05 -0.009
21 3 19 20 3 18 188054.844 0.05 * 1.236
22 3 20 21 3 19 196968.937 0.05 -0.019
23 3 20 22 3 19 208634.657 0.05 -0.020
23 3 21 22 3 20 205869.525 0.05 0.004
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 245
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
24 3 21 23 3 20 218000.469 0.20 -0.024
24 3 22 23 3 21 214753.826 0.20 0.042
25 3 22 24 3 21 227376.435 0.20 -0.015
25 3 23 24 3 22 223620.370 0.20 0.017
26 3 23 25 3 22 236753.157 0.20 -0.030
26 3 24 25 3 23 232467.987 0.20 0.006
27 3 24 26 3 23 246121.109 0.20 -0.021
27 3 25 26 3 24 241295.579 0.05 -0.001
28 3 25 27 3 24 255471.003 0.20 -0.040
28 3 26 27 3 25 250102.188 0.05 -0.042
29 3 26 28 3 25 264794.429 0.20 -0.031
29 3 27 28 3 26 258887.150 0.05 -0.040
30 3 27 29 3 26 274083.870 0.05 -0.050
30 3 28 29 3 27 267649.905 0.20 0.006
31 3 28 30 3 27 283332.846 0.05 -0.183
31 3 29 30 3 28 276389.960 0.05 -0.026
32 3 29 31 3 28 292536.219 0.05 -0.163
32 3 30 31 3 29 285107.300 0.05 0.034
33 3 30 32 3 29 301689.360 0.05 -0.056
33 3 31 32 3 30 293801.730 0.05 -0.010
34 3 31 33 3 30 310788.073 0.05 -0.143
34 3 32 33 3 31 302473.507 0.05 -0.086
35 3 32 34 3 31 319829.370 0.05 0.009
35 3 33 34 3 32 311123.069 0.05 -0.110
36 3 33 35 3 32 328809.772 0.05 -0.037
36 3 34 35 3 33 319751.020 0.05 -0.001
37 3 34 36 3 33 337726.770 0.05 -0.084
37 3 35 36 3 34 328357.810 0.05 0.022
38 3 35 37 3 34 346578.105 0.05 -0.053
38 3 36 37 3 35 336944.280 0.05 -0.003
39 3 36 38 3 35 355361.850 0.05 -0.013
39 3 37 38 3 36 345511.370 0.05 -0.051
40 3 38 39 3 37 354060.230 0.05 0.022
44 3 41 43 3 40 398259.513 0.05 0.044
45 3 42 44 3 41 406650.307 0.05 0.050
45 3 43 44 3 42 396567.596 0.05 -0.070
46 3 43 45 3 42 414989.878 0.05 0.038
46 3 44 45 3 43 405029.769 0.05 -0.009
47 3 44 46 3 43 423285.840 0.05 0.079
47 3 45 46 3 44 413481.260 0.05 -0.032
48 3 45 47 3 44 431546.191 0.05 -0.087
48 3 46 47 3 45 421923.220 0.05 0.027
49 3 47 48 3 46 430356.330 0.05 -0.064
50 3 48 49 3 47 438781.742 0.05 0.008
51 3 48 50 3 47 456198.635 0.05 -0.045
51 3 49 50 3 48 447199.961 0.05 -0.014
52 3 49 51 3 48 464398.046 0.05 0.046
52 3 50 51 3 49 455611.781 0.05 -0.019
246 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
53 3 50 52 3 49 472598.193 0.05 0.023
53 3 51 52 3 50 464017.762 0.05 -0.054
54 3 51 53 3 50 480803.284 0.05 -0.039
54 3 52 53 3 51 472418.512 0.05 -0.044
55 3 52 54 3 51 489016.384 0.05 -0.009
55 3 53 54 3 52 480814.445 0.05 -0.040
56 3 53 55 3 52 497239.147 0.05 -0.108
56 3 54 55 3 53 489205.949 0.05 -0.051
57 3 54 56 3 53 505472.845 0.05 -0.044
57 3 55 56 3 54 497593.350 0.05 -0.091
58 3 55 57 3 54 513717.571 0.05 0.002
58 3 55 57 3 54 513717.863 0.05 * 0.294
59 3 56 58 3 55 521972.917 0.05 -0.124
59 3 57 58 3 56 514357.192 0.05 -0.005
60 3 57 59 3 56 530238.618 0.05 -0.065
60 3 58 59 3 57 522733.913 0.05 -0.032
61 3 59 60 3 58 531107.437 0.05 -0.060
62 3 60 61 3 59 539477.640 0.05 * -0.339
63 3 60 62 3 59 555087.359 0.05 -0.071
63 3 61 62 3 60 547845.424 0.05 -0.064
64 3 61 63 3 60 563384.174 0.05 0.006
64 3 62 63 3 61 556210.017 0.05 -0.081
65 3 62 64 3 61 571686.039 0.05 -0.058
65 3 63 64 3 62 564571.969 0.05 0.105
66 3 63 65 3 62 579992.198 0.05 -0.063
66 3 64 65 3 63 572930.916 0.05 0.096
67 3 65 66 3 64 581286.972 0.05 -0.018
68 3 66 67 3 65 589640.440 0.05 0.057
69 3 67 68 3 66 597991.049 0.05 0.050
6 4 3 5 4 2 53647.530 0.05 0.168
7 4 4 6 4 3 62594.861 0.05 0.036
8 4 5 7 4 4 71545.264 0.05 0.124
9 4 5 8 4 4 80498.925 0.05 -0.190
11 4 7 10 4 6 98418.587 0.05 -0.143
11 4 8 10 4 7 98417.019 0.05 0.144
12 4 8 11 4 7 107385.550 0.05 -0.060
12 4 9 11 4 8 107382.377 0.05 0.237
13 4 9 12 4 8 116358.000 0.05 -0.010
13 4 10 12 4 9 116351.906 0.05 0.047
14 4 11 13 4 10 125326.057 0.05 -0.156
15 4 11 14 4 10 134322.250 0.05 -0.032
15 4 12 14 4 11 134305.324 0.05 0.020
16 4 12 15 4 11 143315.951 0.05 0.057
16 4 13 15 4 12 143289.143 0.05 -0.003
17 4 13 16 4 12 152318.560 0.05 0.007
17 4 14 16 4 13 152277.861 0.05 0.216
19 4 15 18 4 14 170356.248 0.05 -0.019
20 4 16 19 4 15 179394.447 0.05 -0.030
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 247
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
20 4 17 19 4 16 179268.261 0.05 0.030
21 4 17 20 4 16 188448.088 0.05 0.008
21 4 18 20 4 17 188271.717 0.05 -0.062
22 4 18 21 4 17 197519.632 0.05 * 0.388
22 4 19 21 4 18 197277.520 0.05 0.084
23 4 19 22 4 18 206610.374 0.05 0.008
23 4 20 22 4 19 206284.252 0.05 0.036
24 4 20 23 4 19 215724.053 0.20 0.020
24 4 21 23 4 20 215291.083 0.20 0.113
25 4 21 24 4 20 224862.991 0.20 0.041
25 4 22 24 4 21 224296.423 0.20 0.023
26 4 22 25 4 21 234029.836 0.20 0.007
26 4 23 25 4 22 233299.109 0.20 0.041
27 4 23 26 4 22 243227.242 0.20 0.022
27 4 24 26 4 23 242297.477 0.20 0.065
28 4 24 27 4 23 252457.301 0.05 0.001
29 4 25 28 4 24 261721.589 0.20 -0.009
29 4 26 28 4 25 260274.486 0.20 0.029
30 4 26 29 4 25 271020.572 0.05 -0.124
31 4 27 30 4 26 280353.834 0.05 -0.079
32 4 28 31 4 27 289718.880 0.05 -0.158
33 4 29 32 4 28 299112.031 0.05 -0.108
33 4 30 32 4 29 296100.825 0.05 -0.106
34 4 30 33 4 29 308527.366 0.05 -0.170
34 4 31 33 4 30 305020.692 0.05 -0.210
35 4 31 34 4 30 317957.760 0.05 -0.163
35 4 32 34 4 31 313922.937 0.05 -0.085
36 4 32 35 4 31 327394.657 0.05 -0.039
37 4 33 36 4 32 336828.369 0.05 -0.039
37 4 34 36 4 33 331668.224 0.05 0.000
38 4 34 37 4 33 346249.275 0.05 -0.023
39 4 35 38 4 34 355647.777 0.05 -0.026
39 4 36 38 4 35 349327.082 0.05 0.013
40 4 37 39 4 36 358121.910 0.05 0.038
45 4 41 44 4 40 411136.806 0.05 -0.015
45 4 42 44 4 41 401732.237 0.05 -0.029
46 4 42 45 4 41 420182.958 0.05 0.046
46 4 43 45 4 42 410381.437 0.05 -0.049
47 4 43 46 4 42 429161.333 0.05 0.026
47 4 44 46 4 43 419007.159 0.05 -0.037
48 4 44 47 4 43 438069.609 0.05 0.034
48 4 45 47 4 44 427610.047 0.05 0.002
49 4 45 48 4 44 446905.789 0.05 0.014
49 4 46 48 4 45 436190.764 0.05 -0.053
50 4 46 49 4 45 455668.506 0.05 -0.007
50 4 47 49 4 46 444750.343 0.05 -0.064
51 4 47 50 4 46 464357.120 0.05 0.046
51 4 48 50 4 47 453289.798 0.05 -0.009
248 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
52 4 48 51 4 47 472971.641 0.05 0.049
52 4 49 51 4 48 461810.042 0.05 -0.043
53 4 49 52 4 48 481513.247 0.05 0.010
53 4 50 52 4 49 470312.108 0.05 * -0.254
54 4 50 53 4 49 489984.510 0.05 0.118
54 4 51 53 4 50 478797.749 0.05 -0.041
55 4 51 54 4 50 498388.833 0.05 0.053
55 4 52 54 4 51 487267.443 0.05 -0.089
56 4 52 55 4 51 506731.652 0.05 0.149
56 4 53 55 4 52 495722.686 0.05 -0.063
57 4 54 56 4 53 504164.554 0.05 -0.021
58 4 54 57 4 53 523258.735 0.05 0.098
58 4 55 57 4 54 512593.973 0.05 -0.132
59 4 55 58 4 54 531458.844 0.05 0.056
59 4 56 58 4 55 521012.343 0.05 -0.042
60 4 56 59 4 55 539628.088 0.05 0.071
60 4 57 59 4 56 529420.405 0.05 0.004
61 4 57 60 4 56 547774.865 0.05 0.025
61 4 58 60 4 57 537819.085 0.05 0.016
62 4 59 61 4 58 546209.259 0.05 0.026
63 4 59 62 4 58 564032.368 0.05 -0.110
64 4 61 63 4 60 562966.962 0.05 -0.095
65 4 61 64 4 60 580284.366 0.05 -0.002
65 4 62 64 4 61 571335.917 0.05 -0.113
66 4 62 65 4 61 588419.727 0.05 0.100
66 4 63 65 4 62 579699.123 0.05 -0.010
67 4 63 66 4 62 596564.923 0.05 0.043
67 4 64 66 4 63 588056.843 0.05 -0.004
68 4 64 67 4 63 604721.792 0.05 0.094
68 4 65 67 4 64 596409.557 0.05 -0.031
69 4 66 68 4 65 604757.745 0.05 0.031
7 5 2 6 5 1 62590.699 0.05 0.138 Yes 62590.561
7 5 3 6 5 2 62590.699 0.05 0.138 Yes 62590.561
9 5 4 8 5 3 80484.650 0.05 0.007 Yes 80484.643
9 5 5 8 5 4 80484.650 0.05 0.007 Yes 80484.643
10 5 5 9 5 4 89434.690 0.05 0.016 Yes 89434.674
10 5 6 9 5 5 89434.690 0.05 0.016 Yes 89434.674
11 5 6 10 5 5 98387.005 0.05 0.002 Yes 98387.003
11 5 7 10 5 6 98387.005 0.05 0.002 Yes 98387.003
12 5 7 11 5 6 107341.894 0.05 0.034 Yes 107341.860
12 5 8 11 5 7 107341.894 0.05 0.034 Yes 107341.860
13 5 8 12 5 7 116299.553 0.05 0.079 Yes 116299.474
13 5 9 12 5 8 116299.553 0.05 0.079 Yes 116299.474
14 5 9 13 5 8 125260.176 0.05 0.100 Yes 125260.076
14 5 10 13 5 9 125260.176 0.05 0.100 Yes 125260.076
15 5 10 14 5 9 134223.913 0.05 0.015 Yes 134223.898
15 5 11 14 5 10 134223.913 0.05 0.015 Yes 134223.898
17 5 12 16 5 11 152162.707 0.05 0.004
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 249
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
17 5 13 16 5 12 152161.623 0.05 0.036
18 5 13 17 5 12 161138.013 0.05 0.022
18 5 14 17 5 13 161136.151 0.05 0.041
19 5 14 18 5 13 170117.695 0.05 0.016
19 5 15 18 5 14 170114.629 0.05 0.027
20 5 15 19 5 14 179102.074 0.05 -0.046
20 5 16 19 5 15 179097.295 0.05 0.075
21 5 16 20 5 15 188091.766 0.05 0.056
21 5 17 20 5 16 188084.144 0.05 0.048
22 5 17 21 5 16 197086.928 0.05 0.027
22 5 18 21 5 17 197075.309 0.05 -0.020
23 5 18 22 5 17 206088.184 0.05 -0.030
23 5 19 22 5 18 206071.086 0.05 0.109
24 5 19 23 5 18 215096.292 0.20 0.044
24 5 20 23 5 19 215071.113 0.20 0.066
25 5 20 24 5 19 224111.755 0.20 0.047
25 5 21 24 5 20 224075.550 0.20 0.065
26 5 21 25 5 20 233135.459 0.20 0.046
26 5 22 25 5 21 233084.217 0.20 0.050
27 5 22 26 5 21 242168.365 0.20 0.046
27 5 23 26 5 22 242096.938 0.20 0.053
28 5 24 27 5 23 251113.384 0.05 0.047
29 5 24 28 5 23 260266.432 0.05 0.065
29 5 25 28 5 24 260133.177 0.20 0.063
30 5 25 29 5 24 269334.258 0.05 -0.023
30 5 26 29 5 25 269155.716 0.20 0.022
31 5 26 30 5 25 278416.940 0.05 -0.032
31 5 27 30 5 26 278180.456 0.05 0.030
32 5 27 31 5 26 287516.394 0.05 0.055
33 5 29 32 5 28 296233.080 0.05 -0.018
34 5 29 33 5 28 305773.573 0.05 -0.105
34 5 30 33 5 29 305258.958 0.05 -0.115
35 5 31 34 5 30 314283.184 0.05 -0.090
36 5 31 35 5 30 324125.006 0.05 0.085
36 5 32 35 5 31 323304.363 0.05 -0.032
37 5 32 36 5 31 333341.893 0.05 0.072
37 5 33 36 5 32 332321.119 0.05 0.104
38 5 33 37 5 32 342589.230 0.05 0.021
38 5 34 37 5 33 341331.667 0.05 0.053
39 5 34 38 5 33 351868.832 0.05 0.000
39 5 35 38 5 34 350334.639 0.05 0.043
44 5 39 43 5 38 398750.147 0.05 -0.041
44 5 40 43 5 39 395176.589 0.05 0.005
45 5 40 44 5 39 408204.808 0.05 0.009
45 5 41 44 5 40 404098.777 0.05 0.002
46 5 41 45 5 40 417672.269 0.05 0.019
47 5 42 46 5 41 427144.131 0.05 0.107
47 5 43 46 5 42 421884.687 0.05 -0.010
250 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
48 5 43 47 5 42 436610.728 0.05 0.004
48 5 44 47 5 43 430746.065 0.05 0.234
49 5 44 48 5 43 446062.538 0.05 -0.007
49 5 45 48 5 44 439584.399 0.05 0.152
50 5 45 49 5 44 455489.694 0.05 -0.050
51 5 46 50 5 45 464883.128 0.05 0.052
51 5 47 50 5 46 457189.427 0.05 0.047
52 5 47 51 5 46 474234.132 0.05 0.036
52 5 48 51 5 47 465954.809 0.05 0.053
53 5 48 52 5 47 483535.395 0.05 0.033
53 5 49 52 5 48 474694.858 0.05 0.115
54 5 49 53 5 48 492780.622 0.05 0.130
54 5 50 53 5 49 483409.165 0.05 0.048
55 5 50 54 5 49 501964.159 0.05 0.026
55 5 51 54 5 50 492097.863 0.05 0.028
56 5 52 55 5 51 500761.036 0.05 0.005
57 5 52 56 5 51 520129.953 0.05 -0.086
57 5 53 56 5 52 509399.034 0.05 0.031
58 5 53 57 5 52 529105.539 0.05 -0.204
58 5 54 57 5 53 518012.110 0.05 -0.100
59 5 55 58 5 54 526601.233 0.05 -0.023
60 5 55 59 5 54 546830.760 0.05 -0.209
60 5 56 59 5 55 535166.847 0.05 -0.028
61 5 56 60 5 55 555577.368 0.05 -0.203
61 5 57 60 5 56 543709.817 0.05 -0.100
62 5 57 61 5 56 564245.968 0.05 0.004
63 5 58 62 5 57 572836.597 0.05 0.135
64 5 59 63 5 58 581350.342 0.05 0.011
64 5 60 63 5 59 569213.282 0.05 -0.170
65 5 60 64 5 59 589790.119 0.05 0.191
65 5 61 64 5 60 577676.443 0.05 0.069
66 5 61 65 5 60 598158.860 0.05 0.037
66 5 62 65 5 61 586122.026 0.05 -0.039
67 5 63 66 5 62 594551.675 0.05 -0.006
68 5 64 67 5 63 602966.359 0.05 -0.006
10 6 4 9 6 3 89429.588 0.05 0.134 Yes 89429.454
10 6 5 9 6 4 89429.588 0.05 0.134 Yes 89429.454
11 6 5 10 6 4 98377.616 0.05 0.018 Yes 98377.598
11 6 6 10 6 5 98377.616 0.05 0.018 Yes 98377.598
13 6 7 12 6 6 116278.501 0.05 0.044 Yes 116278.457
13 6 8 12 6 7 116278.501 0.05 0.044 Yes 116278.457
14 6 8 13 6 7 125231.513 0.05 0.076 Yes 125231.437
14 6 9 13 6 8 125231.513 0.05 0.076 Yes 125231.437
15 6 9 14 6 8 134186.186 0.05 -0.108 Yes 134186.294
15 6 10 14 6 9 134186.186 0.05 -0.108 Yes 134186.294
16 6 10 15 6 9 143143.225 0.05 0.066 Yes 143143.159
16 6 11 15 6 10 143143.225 0.05 0.066 Yes 143143.159
17 6 11 16 6 10 152102.209 0.05 0.044 Yes 152102.165
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 251
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
17 6 12 16 6 11 152102.209 0.05 0.044 Yes 152102.165
18 6 12 17 6 11 161063.483 0.05 0.037 Yes 161063.446
18 6 13 17 6 12 161063.483 0.05 0.037 Yes 161063.446
19 6 13 18 6 12 170027.214 0.05 0.079 Yes 170027.136
19 6 14 18 6 13 170027.214 0.05 0.079 Yes 170027.136
20 6 14 19 6 13 178993.436 0.05 0.067 Yes 178993.369
20 6 15 19 6 14 178993.436 0.05 0.067 Yes 178993.369
21 6 15 20 6 14 187962.348 0.05 0.066 Yes 187962.282
21 6 16 20 6 15 187962.348 0.05 0.066 Yes 187962.282
22 6 16 21 6 15 196934.081 0.05 0.066 Yes 196934.015
22 6 17 21 6 16 196934.081 0.05 0.066 Yes 196934.015
24 6 18 23 6 17 214887.002 0.20 0.067
24 6 19 23 6 18 214886.158 0.20 0.079
25 6 19 24 6 18 223868.287 0.20 0.057
25 6 20 24 6 19 223866.965 0.20 0.077
26 6 20 25 6 19 232853.121 0.20 0.068
26 6 21 25 6 20 232851.068 0.20 0.083
27 6 21 26 6 20 241841.643 0.05 0.033
27 6 22 26 6 21 241838.539 0.05 0.060
28 6 22 27 6 21 250834.195 0.20 0.064
28 6 23 27 6 22 250829.556 0.20 0.085
29 6 23 28 6 22 259830.927 0.05 0.048
29 6 24 28 6 23 259824.106 0.20 0.059
30 6 24 29 6 23 268832.154 0.20 0.005
30 6 25 29 6 24 268822.263 0.05 -0.011
31 6 25 30 6 24 277838.317 0.05 0.033
31 6 26 30 6 25 277824.264 0.05 0.064
32 6 26 31 6 25 286849.780 0.05 0.102
32 6 27 31 6 26 286829.899 0.05 0.057
33 6 28 32 6 27 295839.173 0.05 -0.012
34 6 28 33 6 27 304890.072 0.05 -0.085
34 6 29 33 6 28 304852.172 0.05 0.002
35 6 29 34 6 28 313920.322 0.05 -0.081
35 6 30 34 6 29 313868.549 0.05 -0.141
36 6 30 35 6 29 322958.151 0.05 -0.110
36 6 31 35 6 30 322888.518 0.05 -0.059
37 6 32 36 6 31 331911.584 0.05 -0.015
38 6 32 37 6 31 341060.445 0.05 0.092
38 6 33 37 6 32 340937.451 0.05 0.006
39 6 33 38 6 32 350126.942 0.05 0.225
39 6 34 38 6 33 349965.842 0.05 0.126
40 6 34 39 6 33 359204.967 0.05 -0.016
40 6 35 39 6 34 358995.956 0.05 0.034
44 6 38 43 6 37 395669.710 0.05 0.136
44 6 39 43 6 38 395122.626 0.05 0.099
45 6 39 44 6 38 404833.343 0.05 0.076
45 6 40 44 6 39 404151.302 0.05 0.061
46 6 40 45 6 39 414020.384 0.05 0.057
252 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
47 6 41 46 6 40 423232.991 0.05 -0.030
47 6 42 46 6 41 422197.324 0.05 -0.080
48 6 42 47 6 41 432473.541 0.05 0.024
49 6 43 48 6 42 441743.820 0.05 0.083
50 6 44 49 6 43 451045.215 0.05 0.037
50 6 45 49 6 44 449218.271 0.05 0.216
51 6 46 50 6 45 458206.002 0.05 0.009
52 6 47 51 6 46 467181.779 0.05 -0.040
53 6 47 52 6 46 479140.723 0.05 0.008
54 6 48 53 6 47 488565.695 0.05 0.073
55 6 49 54 6 48 498015.189 0.05 0.158
55 6 50 54 6 49 494020.656 0.05 0.002
56 6 50 55 6 49 507483.472 0.05 -0.009
56 6 51 55 6 50 502932.131 0.05 -0.094
57 6 51 56 6 50 516964.051 0.05 0.002
58 6 52 57 6 51 526448.562 0.05 0.003
58 6 53 57 6 52 520694.769 0.05 0.036
59 6 53 58 6 52 535927.871 0.05 -0.025
59 6 54 58 6 53 529543.371 0.05 0.206
60 6 54 59 6 53 545392.382 0.05 -0.027
60 6 55 59 6 54 538368.291 0.05 0.035
61 6 55 60 6 54 554832.273 0.05 -0.081
61 6 56 60 6 55 547169.364 0.05 * 0.268
62 6 56 61 6 55 564238.126 0.05 -0.174
63 6 58 62 6 57 564695.178 0.05 0.033
64 6 59 63 6 58 573419.389 0.05 0.052
65 6 60 64 6 59 582117.112 0.05 -0.131
10 7 3 9 7 2 89432.852 0.05 0.197 Yes 89432.655
10 7 4 9 7 3 89432.852 0.05 0.197 Yes 89432.655
11 7 4 10 7 3 98378.992 0.05 0.035 Yes 98378.957
11 7 5 10 7 4 98378.992 0.05 0.035 Yes 98378.957
12 7 5 11 7 4 107326.120 0.05 -0.001 Yes 107326.121
12 7 6 11 7 5 107326.120 0.05 -0.001 Yes 107326.121
13 7 6 12 7 5 116274.257 0.05 0.032 Yes 116274.225
13 7 7 12 7 6 116274.257 0.05 0.032 Yes 116274.225
14 7 7 13 7 6 125223.399 0.05 0.055 Yes 125223.344
14 7 8 13 7 7 125223.399 0.05 0.055 Yes 125223.344
15 7 8 14 7 7 134173.638 0.05 0.084 Yes 134173.554
15 7 9 14 7 8 134173.638 0.05 0.084 Yes 134173.554
16 7 9 15 7 8 143124.991 0.05 0.061 Yes 143124.930
16 7 10 15 7 9 143124.991 0.05 0.061 Yes 143124.930
17 7 10 16 7 9 152077.621 0.05 0.073 Yes 152077.548
17 7 11 16 7 10 152077.621 0.05 0.073 Yes 152077.548
18 7 11 17 7 10 161031.520 0.05 0.038 Yes 161031.482
18 7 12 17 7 11 161031.520 0.05 0.038 Yes 161031.482
19 7 12 18 7 11 169986.921 0.05 0.114 Yes 169986.807
19 7 13 18 7 12 169986.921 0.05 0.114 Yes 169986.807
20 7 13 19 7 12 178943.686 0.05 0.088 Yes 178943.598
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 253
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
20 7 14 19 7 13 178943.686 0.05 0.088 Yes 178943.598
21 7 14 20 7 13 187902.021 0.05 0.091 Yes 187901.930
21 7 15 20 7 14 187902.021 0.05 0.091 Yes 187901.930
22 7 15 21 7 14 196861.982 0.05 0.105 Yes 196861.877
22 7 16 21 7 15 196861.982 0.05 0.105 Yes 196861.877
23 7 16 22 7 15 205823.579 0.05 0.064 Yes 205823.516
23 7 17 22 7 16 205823.579 0.05 0.064 Yes 205823.516
24 7 17 23 7 16 214787.029 0.05 0.109 Yes 214786.921
24 7 18 23 7 17 214787.029 0.05 0.109 Yes 214786.921
25 7 18 24 7 17 223752.247 0.05 0.078 Yes 223752.170
25 7 19 24 7 18 223752.247 0.05 0.078 Yes 223752.170
26 7 19 25 7 18 232719.422 0.05 0.083 Yes 232719.340
26 7 20 25 7 19 232719.422 0.05 0.083 Yes 232719.340
27 7 20 26 7 19 241688.581 0.05 0.071 Yes 241688.510
27 7 21 26 7 20 241688.581 0.05 0.071 Yes 241688.510
28 7 21 27 7 20 250659.845 0.05 0.085 Yes 250659.760
28 7 22 27 7 21 250659.845 0.05 0.085 Yes 250659.760
29 7 22 28 7 21 259633.251 0.05 0.078 Yes 259633.174
29 7 23 28 7 22 259633.251 0.05 0.078 Yes 259633.174
30 7 23 29 7 22 268608.938 0.05 -0.074 Yes 268609.011
30 7 23 29 7 22 268608.938 0.05 -0.074 Yes 268609.011
32 7 25 31 7 24 286567.282 0.05 0.033 Yes 286567.248
32 7 26 31 7 25 286567.282 0.05 0.033 Yes 286567.248
33 7 26 32 7 25 295550.367 0.05 0.182 Yes 295550.186
33 7 27 32 7 26 295550.367 0.05 0.182 Yes 295550.186
34 7 27 33 7 26 304536.708 0.05 0.074
34 7 28 33 7 27 304534.914 0.05 0.068
35 7 28 34 7 27 313525.379 0.05 0.070
35 7 29 34 7 28 313522.728 0.05 0.011
36 7 29 35 7 28 322517.026 0.05 0.054
36 7 30 35 7 29 322513.066 0.05 -0.189
37 7 30 36 7 29 331511.870 0.05 0.078
38 7 32 37 7 31 340502.583 0.05 0.018
39 7 33 38 7 32 349501.485 0.05 0.060
45 7 39 44 7 38 403553.592 0.05 0.061
46 7 39 45 7 38 412651.780 0.05 0.076
46 7 40 45 7 39 412571.453 0.05 0.071
47 7 40 46 7 39 421695.830 0.05 0.015
47 7 41 46 7 40 421591.618 0.05 0.202
48 7 41 47 7 40 430748.292 0.05 0.221
48 7 42 47 7 41 430613.451 0.05 0.107
50 7 43 49 7 42 448881.011 0.05 -0.120
50 7 44 49 7 43 448661.551 0.05 0.185
51 7 44 50 7 43 457964.406 0.05 0.046
52 7 45 51 7 44 467060.556 0.05 -0.047
52 7 46 51 7 45 466711.535 0.05 -0.059
53 7 47 52 7 46 475735.806 0.05 -0.133
55 7 48 54 7 47 494444.373 0.05 -0.008
254 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
56 7 49 55 7 48 503610.470 0.05 0.103
57 7 50 56 7 49 512798.978 0.05 0.150
60 7 54 59 7 53 538804.763 0.05 0.032
61 7 54 60 7 53 549817.169 0.05 0.110
61 7 55 60 7 54 547785.884 0.05 0.149
63 7 56 62 7 55 568503.884 0.05 -0.030
63 7 57 62 7 56 565712.235 0.05 0.029
64 7 57 63 7 56 577892.069 0.05 -0.087
64 7 58 63 7 57 574654.666 0.05 -0.005
65 7 58 64 7 57 587307.611 0.05 -0.179
65 7 59 64 7 58 583581.347 0.05 0.054
66 7 59 65 7 58 596746.998 0.05 * -0.326
66 7 60 65 7 59 592490.593 0.05 -0.014
67 7 61 66 7 60 601381.143 0.05 -0.055
11 8 3 10 8 2 98387.005 0.05 0.098 Yes 98386.907
11 8 4 10 8 3 98387.005 0.05 0.098 Yes 98386.907
12 8 4 11 8 3 107333.138 0.05 -0.001 Yes 107333.139
12 8 5 11 8 4 107333.138 0.05 -0.001 Yes 107333.139
13 8 5 12 8 4 116279.971 0.05 0.091 Yes 116279.880
13 8 6 12 8 5 116279.971 0.05 0.091 Yes 116279.880
14 8 6 13 8 5 125227.242 0.05 0.072 Yes 125227.170
14 8 7 13 8 6 125227.242 0.05 0.072 Yes 125227.170
15 8 7 14 8 6 134175.125 0.05 0.076 Yes 134175.049
15 8 8 14 8 7 134175.125 0.05 0.076 Yes 134175.049
16 8 8 15 8 7 143123.595 0.05 0.037 Yes 143123.558
16 8 9 15 8 8 143123.595 0.05 0.037 Yes 143123.558
17 8 9 16 8 8 152072.818 0.05 0.083 Yes 152072.735
17 8 10 16 8 9 152072.818 0.05 0.083 Yes 152072.735
18 8 10 17 8 9 161022.707 0.05 0.087 Yes 161022.620
18 8 11 17 8 10 161022.707 0.05 0.087 Yes 161022.620
19 8 11 18 8 10 169973.344 0.05 0.093 Yes 169973.251
19 8 12 18 8 11 169973.344 0.05 0.093 Yes 169973.251
20 8 12 19 8 11 178924.835 0.05 0.167 Yes 178924.668
20 8 13 19 8 12 178924.835 0.05 0.167 Yes 178924.668
21 8 13 20 8 12 187876.976 0.05 0.069 Yes 187876.907
21 8 14 20 8 13 187876.976 0.05 0.069 Yes 187876.907
22 8 14 21 8 13 196830.003 0.05 -0.004 Yes 196830.007
22 8 15 21 8 14 196830.003 0.05 -0.004 Yes 196830.007
23 8 15 22 8 14 205784.067 0.05 0.061 Yes 205784.006
23 8 16 22 8 15 205784.067 0.05 0.061 Yes 205784.006
24 8 16 23 8 15 214739.024 0.20 0.083 Yes 214738.941
24 8 17 23 8 16 214739.024 0.20 0.083 Yes 214738.941
25 8 17 24 8 16 223694.933 0.20 0.082 Yes 223694.850
25 8 18 24 8 17 223694.933 0.20 0.082 Yes 223694.850
26 8 18 25 8 17 232651.837 0.20 0.067 Yes 232651.771
26 8 19 25 8 18 232651.837 0.20 0.067 Yes 232651.771
27 8 19 26 8 18 241609.811 0.20 0.072 Yes 241609.740
27 8 20 26 8 19 241609.811 0.20 0.072 Yes 241609.740
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 255
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
28 8 20 27 8 19 250568.864 0.20 0.068 Yes 250568.796
28 8 21 27 8 20 250568.864 0.20 0.068 Yes 250568.796
29 8 21 28 8 20 259529.046 0.20 0.069 Yes 259528.977
29 8 22 28 8 21 259529.046 0.20 0.069 Yes 259528.977
30 8 22 29 8 21 268490.379 0.20 0.058 Yes 268490.322
30 8 23 29 8 22 268490.379 0.20 0.058 Yes 268490.322
31 8 23 30 8 22 277452.901 0.05 0.032 Yes 277452.869
31 8 24 30 8 23 277452.901 0.05 0.032 Yes 277452.869
32 8 24 31 8 23 286416.697 0.05 0.038 Yes 286416.659
32 8 25 31 8 24 286416.697 0.05 0.038 Yes 286416.659
33 8 25 32 8 24 295381.706 0.05 -0.026 Yes 295381.733
33 8 26 32 8 25 295381.706 0.05 -0.026 Yes 295381.733
34 8 26 33 8 25 304348.181 0.05 0.049 Yes 304348.131
34 8 27 33 8 26 304348.181 0.05 0.049 Yes 304348.131
35 8 27 34 8 26 313315.945 0.05 0.046 Yes 313315.898
35 8 28 34 8 27 313315.945 0.05 0.046 Yes 313315.898
36 8 28 35 8 27 322285.115 0.05 0.037 Yes 322285.078
36 8 29 35 8 28 322285.115 0.05 0.037 Yes 322285.078
37 8 29 36 8 28 331255.744 0.05 0.025 Yes 331255.718
37 8 30 36 8 29 331255.744 0.05 0.025 Yes 331255.718
38 8 30 37 8 29 340227.913 0.05 -0.108
38 8 31 37 8 30 340227.912 0.05 0.201
39 8 31 38 8 30 349201.562 0.05 -0.238
39 8 32 38 8 31 349201.561 0.05 0.215
40 8 32 39 8 31 358176.969 0.05 * -0.253
40 8 33 39 8 32 358176.963 0.05 * 0.402
45 8 37 44 8 36 403081.559 0.05 -0.076
45 8 38 44 8 37 403077.948 0.05 0.022
46 8 38 45 8 37 412068.549 0.05 -0.103
46 8 39 45 8 38 412063.655 0.05 0.107
47 8 39 46 8 38 421057.757 0.05 -0.242
47 8 40 46 8 39 421050.995 0.05 -0.039
48 8 40 47 8 39 430049.958 0.05 0.115
51 8 43 50 8 42 457042.235 0.05 -0.138
52 8 44 51 8 43 466046.477 0.05 0.074
53 8 45 52 8 44 475054.408 0.05 0.177
54 8 46 53 8 45 484066.462 0.05 0.202
55 8 47 54 8 46 493082.804 0.05 -0.155
55 8 48 54 8 47 493018.237 0.05 0.225
56 8 48 55 8 47 502104.962 0.05 0.087
58 8 51 57 8 50 520031.710 0.05 -0.136
60 8 52 59 8 51 538258.993 0.05 0.095
60 8 53 59 8 52 538044.835 0.05 -0.018
61 8 53 60 8 52 547318.512 0.05 -0.002
61 8 54 60 8 53 547051.588 0.05 0.223
62 8 54 61 8 53 556388.931 0.05 0.103
63 8 55 62 8 54 565471.048 0.05 -0.170
63 8 56 62 8 55 565061.953 0.05 0.143
256 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
64 8 57 63 8 56 574064.620 0.05 0.159
65 8 57 64 8 56 583678.509 0.05 0.066
65 8 58 64 8 57 583064.606 0.05 0.205
66 8 58 65 8 57 592806.585 0.05 -0.142
67 8 59 66 8 58 601953.539 0.05 * -0.408
11 9 2 10 9 1 98399.548 0.05 0.029 Yes 98399.519
11 9 3 10 9 2 98399.548 0.05 0.029 Yes 98399.519
12 9 3 11 9 2 107345.941 0.05 0.169 Yes 107345.772
12 9 4 11 9 3 107345.941 0.05 0.169 Yes 107345.772
13 9 4 12 9 3 116292.366 0.05 0.126 Yes 116292.240
13 9 5 12 9 4 116292.366 0.05 0.126 Yes 116292.240
14 9 5 13 9 4 125239.033 0.05 0.091 Yes 125238.942
14 9 6 13 9 5 125239.033 0.05 0.091 Yes 125238.942
15 9 6 14 9 5 134186.186 0.05 * 0.294 Yes 134185.892
15 9 7 14 9 6 134186.186 0.05 * 0.294 Yes 134185.892
16 9 7 15 9 6 143133.193 0.05 0.086 Yes 143133.107
16 9 8 15 9 7 143133.193 0.05 0.086 Yes 143133.107
17 9 8 16 9 7 152080.642 0.05 0.040 Yes 152080.602
17 9 9 16 9 8 152080.642 0.05 0.040 Yes 152080.602
18 9 9 17 9 8 161028.454 0.05 0.062 Yes 161028.392
18 9 10 17 9 9 161028.454 0.05 0.062 Yes 161028.392
19 9 10 18 9 9 169976.570 0.05 0.078 Yes 169976.492
19 9 11 18 9 10 169976.570 0.05 0.078 Yes 169976.492
20 9 11 19 9 10 178924.835 0.05 -0.082 Yes 178924.917
20 9 12 19 9 11 178924.835 0.05 -0.082 Yes 178924.917
21 9 12 20 9 11 187873.733 0.05 0.052 Yes 187873.681
21 9 13 20 9 12 187873.733 0.05 0.052 Yes 187873.681
22 9 13 21 9 12 196822.774 0.05 -0.024 Yes 196822.798
22 9 14 21 9 13 196822.774 0.05 -0.024 Yes 196822.798
23 9 14 22 9 13 205772.386 0.05 0.106 Yes 205772.280
23 9 15 22 9 14 205772.386 0.05 0.106 Yes 205772.280
24 9 15 23 9 14 214722.182 0.05 0.039 Yes 214722.143
24 9 16 23 9 15 214722.182 0.05 0.039 Yes 214722.143
25 9 16 24 9 15 223672.474 0.05 0.077 Yes 223672.397
25 9 17 24 9 16 223672.474 0.05 0.077 Yes 223672.397
26 9 17 25 9 16 232623.113 0.05 0.056 Yes 232623.057
26 9 18 25 9 17 232623.113 0.05 0.056 Yes 232623.057
27 9 18 26 9 17 241574.175 0.05 0.040 Yes 241574.134
27 9 19 26 9 18 241574.175 0.05 0.040 Yes 241574.134
28 9 19 27 9 18 250525.684 0.05 0.042 Yes 250525.642
28 9 20 27 9 19 250525.684 0.05 0.042 Yes 250525.642
29 9 20 28 9 19 259477.634 0.05 0.043 Yes 259477.591
29 9 21 28 9 20 259477.634 0.05 0.043 Yes 259477.591
30 9 21 29 9 20 268430.031 0.05 0.037 Yes 268429.994
30 9 22 29 9 21 268430.031 0.05 0.037 Yes 268429.994
31 9 22 30 9 21 277382.915 0.05 0.051 Yes 277382.864
31 9 23 30 9 22 277382.915 0.05 0.051 Yes 277382.864
32 9 23 31 9 22 286336.269 0.05 0.057 Yes 286336.212
Ape´ndice A: Daly et al. 2013, ApJ, 768, 81 257
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
32 9 24 31 9 23 286336.269 0.05 0.057 Yes 286336.212
33 9 24 32 9 23 295290.020 0.05 -0.030 Yes 295290.050
33 9 25 32 9 24 295290.020 0.05 -0.030 Yes 295290.050
35 9 26 34 9 25 313199.191 0.05 -0.055 Yes 313199.246
35 9 27 34 9 26 313199.191 0.05 -0.055 Yes 313199.246
36 9 27 35 9 26 322154.709 0.05 0.080 Yes 322154.630
36 9 28 35 9 27 322154.709 0.05 0.080 Yes 322154.630
37 9 28 36 9 27 331110.692 0.05 0.138 Yes 331110.555
37 9 29 36 9 28 331110.692 0.05 0.138 Yes 331110.555
38 9 29 37 9 28 340067.391 0.05 * 0.356 Yes 340067.034
38 9 30 37 9 29 340067.391 0.05 * 0.356 Yes 340067.034
39 9 30 38 9 29 349024.599 0.05 * 0.515 Yes 349024.083
39 9 31 38 9 30 349024.599 0.05 * 0.515 Yes 349024.083
47 9 38 46 9 37 420703.397 0.05 * 0.382 Yes 420703.015
47 9 39 46 9 38 420703.397 0.05 * 0.382 Yes 420703.015
48 9 39 47 9 38 429666.398 0.05 * 0.388 Yes 429666.010
48 9 40 47 9 39 429666.398 0.05 * 0.388 Yes 429666.010
49 9 40 48 9 39 438630.093 0.05 * 0.308 Yes 438629.786
49 9 41 48 9 40 438630.093 0.05 * 0.308 Yes 438629.786
50 9 41 49 9 40 447594.518 0.05 0.143 Yes 447594.375
50 9 42 49 9 41 447594.518 0.05 0.143 Yes 447594.375
51 9 42 50 9 41 456559.772 0.05 -0.040 Yes 456559.812
51 9 43 50 9 42 456559.772 0.05 -0.040 Yes 456559.812
52 9 43 51 9 42 465526.940 0.05 -0.092
52 9 44 51 9 43 465525.503 0.05 * 0.260
53 9 44 52 9 43 474494.511 0.05 -0.102
53 9 45 52 9 44 474492.387 0.05 0.215
54 9 45 53 9 44 483463.247 0.05 -0.033
56 9 47 55 9 46 501404.148 0.05 -0.067
56 9 48 55 9 47 501398.504 0.05 * 0.255
57 9 48 56 9 47 510376.571 0.05 -0.123
57 9 49 56 9 48 510368.998 0.05 0.239
59 9 50 58 9 49 528326.300 0.05 -0.036
59 9 51 58 9 50 528312.963 0.05 * 0.412
60 9 51 59 9 50 537303.694 0.05 -0.140
61 9 52 60 9 51 546283.248 0.05 -0.139
61 9 53 60 9 52 546260.287 0.05 * 0.308
62 9 53 61 9 52 555265.090 0.05 -0.149
62 9 54 61 9 53 555235.261 0.05 * 0.272
63 9 54 62 9 53 564249.753 0.05 0.074
63 9 55 62 9 54 564211.175 0.05 * 0.383
64 9 55 63 9 54 573236.887 0.05 -0.152
64 9 56 63 9 55 573187.568 0.05 * 0.256
65 9 56 64 9 55 582227.375 0.05 * -0.333
66 9 58 65 9 57 591142.364 0.05 * 0.315
67 9 59 66 9 58 600120.344 0.05 * 0.382
12 10 2 11 10 1 107362.958 0.05 0.236
13 10 3 12 10 2 116309.724 0.05 0.063
258 Ape´ndice A: Daly et al. 2013, ApJ, 768, 81
Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
14 10 4 13 10 3 125256.663 0.05 0.056
15 10 6 14 10 5 134203.587 0.05 0.028
16 10 6 15 10 5 143150.578 0.05 0.061
17 10 7 16 10 6 152097.517 0.05 0.039
18 10 8 17 10 7 161044.452 0.05 0.009
19 10 9 18 10 8 169991.412 0.05 0.005
20 10 10 19 10 9 178938.379 0.05 0.009
21 10 11 20 10 10 187885.376 0.05 0.048
22 10 12 21 10 11 196832.252 0.05 -0.028
23 10 13 22 10 12 205779.229 0.05 0.008 Yes 205779.220
23 10 14 22 10 13 205779.229 0.05 0.008 Yes 205779.220
24 10 14 23 10 13 214726.151 0.05 0.004 Yes 214726.147
24 10 15 23 10 14 214726.151 0.05 0.004 Yes 214726.147
25 10 15 24 10 14 223673.021 0.05 -0.035 Yes 223673.056
25 10 16 24 10 15 223673.021 0.05 -0.035 Yes 223673.056
26 10 16 25 10 15 232619.925 0.05 -0.019 Yes 232619.944
26 10 17 25 10 16 232619.925 0.05 -0.019 Yes 232619.944
27 10 17 26 10 16 241566.871 0.05 0.067 Yes 241566.805
27 10 18 26 10 17 241566.871 0.05 0.067 Yes 241566.805
28 10 18 27 10 17 250513.597 0.05 -0.038 Yes 250513.635
28 10 19 27 10 18 250513.597 0.05 -0.038 Yes 250513.635
29 10 19 28 10 18 259460.383 0.05 -0.046 Yes 259460.429
29 10 20 28 10 19 259460.383 0.05 -0.046 Yes 259460.429
30 10 20 29 10 19 268407.141 0.05 -0.042 Yes 268407.183
30 10 21 29 10 20 268407.141 0.05 -0.042 Yes 268407.183
31 10 21 30 10 20 277353.524 0.05 * -0.365 Yes 277353.889
31 10 22 30 10 21 277353.524 0.05 * -0.365 Yes 277353.889
32 10 22 31 10 21 286300.439 0.05 -0.105
32 10 23 31 10 22 286300.442 0.05 -0.103
33 10 23 32 10 22 295247.049 0.05 -0.092 Yes 295247.141
33 10 24 32 10 23 295247.049 0.05 -0.092 Yes 295247.141
34 10 24 33 10 23 304193.590 0.05 -0.085 Yes 304193.674
34 10 25 33 10 24 304193.590 0.05 -0.085 Yes 304193.674
35 10 25 34 10 24 313140.049 0.05 -0.089 Yes 313140.138
35 10 26 34 10 25 313140.049 0.05 -0.089 Yes 313140.138
36 10 26 35 10 25 322086.462 0.05 -0.063
36 10 27 35 10 26 322086.463 0.05 -0.062
37 10 27 36 10 26 331032.834 0.05 0.003 Yes 331032.831
37 10 28 36 10 27 331032.834 0.05 0.003 Yes 331032.831
38 10 28 37 10 27 339979.084 0.05 0.036 Yes 339979.048
38 10 29 37 10 28 339979.084 0.05 0.036 Yes 339979.048
39 10 29 38 10 28 348925.383 0.05 0.212 Yes 348925.171
39 10 30 38 10 29 348925.383 0.05 0.212 Yes 348925.171
40 10 30 39 10 29 357871.983 0.05 * 0.789 Yes 357871.194
40 10 31 39 10 30 357871.983 0.05 * 0.789 Yes 357871.194
12 11 1 11 11 0 107383.604 0.05 * 0.348
13 11 2 12 11 1 116331.394 0.05 0.184
14 11 3 13 11 2 125279.019 0.05 0.013
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
15 11 5 14 11 4 134226.593 0.05 -0.036
16 11 5 15 11 4 143174.039 0.05 -0.027
17 11 6 16 11 5 152121.306 0.05 0.002
18 11 7 17 11 6 161068.335 0.05 0.006
19 11 8 18 11 7 170015.136 0.05 0.010
20 11 9 19 11 8 178961.722 0.05 0.042
21 11 10 20 11 9 187907.999 0.05 0.021
22 11 11 21 11 10 196854.027 0.05 0.023
23 11 12 22 11 11 205799.762 0.05 0.020 Yes 205799.742
23 11 13 22 11 12 205799.762 0.05 0.020 Yes 205799.742
24 11 13 23 11 12 214745.118 0.05 -0.059 Yes 214745.177
24 11 14 23 11 13 214745.118 0.05 -0.059 Yes 214745.177
25 11 14 24 11 13 223690.255 0.05 -0.039 Yes 223690.294
25 11 15 24 11 14 223690.255 0.05 -0.039 Yes 223690.294
26 11 15 25 11 14 232635.033 0.05 -0.043 Yes 232635.076
26 11 16 25 11 15 232635.033 0.05 -0.043 Yes 232635.076
27 11 16 26 11 15 241579.444 0.05 -0.062 Yes 241579.506
27 11 17 26 11 16 241579.444 0.05 -0.062 Yes 241579.506
28 11 17 27 11 16 250523.474 0.05 -0.095 Yes 250523.569
28 11 18 27 11 17 250523.474 0.05 -0.095 Yes 250523.569
29 11 18 28 11 17 259467.168 0.05 -0.078 Yes 259467.246
29 11 19 28 11 18 259467.168 0.05 -0.078 Yes 259467.246
30 11 19 29 11 18 268410.416 0.05 -0.105 Yes 268410.521
30 11 20 29 11 19 268410.416 0.05 -0.105 Yes 268410.521
31 11 20 30 11 19 277353.524 0.05 0.148 Yes 277353.376
31 11 21 30 11 20 277353.524 0.05 0.148 Yes 277353.376
32 11 21 31 11 20 286295.675 0.05 -0.119
32 11 22 31 11 21 286295.681 0.05 -0.113
33 11 22 32 11 21 295237.612 0.05 -0.144 Yes 295237.756
33 11 23 32 11 22 295237.612 0.05 -0.144 Yes 295237.756
34 11 23 33 11 22 304179.081 0.05 -0.163 Yes 304179.244
34 11 24 33 11 23 304179.081 0.05 -0.163 Yes 304179.244
35 11 24 34 11 23 313120.083 0.05 -0.157 Yes 313120.240
35 11 25 34 11 24 313120.083 0.05 -0.157 Yes 313120.240
36 11 26 35 11 25 322060.541 0.05 -0.184
37 11 26 36 11 25 331000.675 0.05 -0.006 Yes 331000.680
37 11 27 36 11 26 331000.675 0.05 -0.006 Yes 331000.680
38 11 27 37 11 26 339939.890 0.05 -0.197
38 11 28 37 11 27 339939.890 0.05 -0.197
39 11 28 38 11 27 348878.741 0.05 -0.185 Yes 348878.926
39 11 29 38 11 28 348878.741 0.05 -0.185 Yes 348878.926
40 11 29 39 11 28 357816.981 0.05 -0.197 Yes 357817.178
40 11 30 39 11 29 357816.981 0.05 -0.197 Yes 357817.178
45 11 34 44 11 33 402498.723 0.05 -0.231 Yes 402498.954
45 11 35 44 11 34 402498.723 0.05 -0.231 Yes 402498.954
46 11 35 45 11 34 411433.013 0.05 * -0.265 Yes 411433.277
46 11 36 45 11 35 411433.013 0.05 * -0.265 Yes 411433.277
47 11 36 46 11 35 420366.683 0.05 -0.195 Yes 420366.878
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
47 11 37 46 11 36 420366.683 0.05 -0.195 Yes 420366.878
48 11 37 47 11 36 429299.525 0.05 -0.213 Yes 429299.738
48 11 38 47 11 37 429299.525 0.05 -0.213 Yes 429299.738
49 11 38 48 11 37 438231.676 0.05 -0.162 Yes 438231.838
49 11 39 48 11 38 438231.676 0.05 -0.162 Yes 438231.838
50 11 39 49 11 38 447163.025 0.05 -0.134 Yes 447163.159
50 11 40 49 11 39 447163.025 0.05 -0.134 Yes 447163.159
51 11 40 50 11 39 456093.608 0.05 -0.076 Yes 456093.684
51 11 41 50 11 40 456093.608 0.05 -0.076 Yes 456093.684
52 11 41 51 11 40 465023.269 0.05 -0.125 Yes 465023.394
52 11 42 51 11 41 465023.269 0.05 -0.125 Yes 465023.394
53 11 42 52 11 41 473952.180 0.05 -0.094 Yes 473952.273
53 11 43 52 11 42 473952.180 0.05 -0.094 Yes 473952.273
54 11 43 53 11 42 482880.227 0.05 -0.076 Yes 482880.303
54 11 44 53 11 43 482880.227 0.05 -0.076 Yes 482880.303
55 11 44 54 11 43 491807.459 0.05 -0.009 Yes 491807.469
55 11 45 54 11 44 491807.459 0.05 -0.009 Yes 491807.469
56 11 45 55 11 44 500733.609 0.05 -0.145 Yes 500733.753
56 11 46 55 11 45 500733.609 0.05 -0.145 Yes 500733.753
57 11 46 56 11 45 509659.315 0.05 0.172 Yes 509659.143
57 11 47 56 11 46 509659.315 0.05 0.172 Yes 509659.143
58 11 47 57 11 46 518583.759 0.05 0.137 Yes 518583.623
58 11 48 57 11 47 518583.759 0.05 0.137 Yes 518583.623
60 11 49 59 11 48 536430.072 0.05 * 0.270 Yes 536429.802
60 11 50 59 11 49 536430.072 0.05 * 0.270 Yes 536429.802
61 11 50 60 11 49 545351.965 0.05 * 0.486 Yes 545351.479
61 11 51 60 11 50 545351.965 0.05 * 0.486 Yes 545351.479
62 11 51 61 11 50 554272.814 0.05 * 0.615 Yes 554272.199
62 11 52 61 11 51 554272.814 0.05 * 0.615 Yes 554272.199
63 11 52 62 11 51 563192.718 0.05 * 0.763 Yes 563191.956
63 11 53 62 11 52 563192.718 0.05 * 0.763 Yes 563191.956
13 12 1 12 12 0 116356.412 0.05 0.091
14 12 2 13 12 1 125305.466 0.05 0.032
15 12 4 14 12 3 134254.230 0.05 -0.009
16 12 4 15 12 3 143202.729 0.05 0.015
17 12 5 16 12 4 152150.852 0.05 0.018
18 12 6 17 12 5 161098.565 0.05 -0.013
19 12 7 18 12 6 170045.791 0.05 -0.129
20 12 8 19 12 7 178992.686 0.05 -0.152
21 12 9 20 12 8 187939.212 0.05 -0.096
22 12 10 21 12 9 196885.243 0.05 -0.062
23 12 11 22 12 10 205830.804 0.05 -0.001 Yes 205830.804
23 12 12 22 12 11 205830.804 0.05 -0.001 Yes 205830.804
24 12 12 23 12 11 214775.659 0.05 -0.123 Yes 214775.782
24 12 13 23 12 12 214775.659 0.05 -0.123 Yes 214775.782
25 12 13 24 12 12 223720.043 0.05 -0.171 Yes 223720.213
25 12 14 24 12 13 223720.043 0.05 -0.171 Yes 223720.213
26 12 14 25 12 13 232663.917 0.05 -0.156 Yes 232664.072
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
26 12 15 25 12 14 232663.917 0.05 -0.156 Yes 232664.072
27 12 15 26 12 14 241607.216 0.05 -0.118 Yes 241607.334
27 12 16 26 12 15 241607.216 0.05 -0.118 Yes 241607.334
28 12 16 27 12 15 250549.774 0.05 -0.199 Yes 250549.974
28 12 17 27 12 16 250549.774 0.05 -0.199 Yes 250549.974
29 12 17 28 12 16 259491.743 0.05 -0.221 Yes 259491.964
29 12 18 28 12 17 259491.743 0.05 -0.221 Yes 259491.964
30 12 19 29 12 18 268433.047 0.05 -0.232
31 12 19 30 12 18 277373.587 0.05 * -0.307 Yes 277373.894
31 12 20 30 12 19 277373.587 0.05 * -0.307 Yes 277373.894
32 12 20 31 12 19 286313.445 0.05 * -0.336
32 12 21 31 12 20 286313.457 0.05 * -0.324
33 12 21 32 12 20 295252.548 0.05 * -0.364 Yes 295252.912
33 12 22 32 12 21 295252.548 0.05 * -0.364 Yes 295252.912
34 12 22 33 12 21 304190.883 0.05 * -0.379 Yes 304191.263
34 12 23 33 12 22 304190.883 0.05 * -0.379 Yes 304191.263
35 12 23 34 12 22 313128.401 0.05 * -0.403 Yes 313128.804
35 12 24 34 12 23 313128.401 0.05 * -0.403 Yes 313128.804
36 12 24 35 12 23 322065.042 0.05 * -0.467 Yes 322065.508
36 12 25 35 12 24 322065.042 0.05 * -0.467 Yes 322065.508
37 12 25 36 12 24 331000.676 0.05 * -0.673 Yes 331001.348
37 12 26 36 12 25 331000.676 0.05 * -0.673 Yes 331001.348
38 12 26 37 12 25 339935.795 0.05 * -0.502 Yes 339936.297
38 12 27 37 12 26 339935.795 0.05 * -0.502 Yes 339936.297
39 12 27 38 12 26 348869.798 0.05 * -0.526 Yes 348870.324
39 12 28 38 12 27 348869.798 0.05 * -0.526 Yes 348870.324
40 12 28 39 12 27 357802.803 0.05 * -0.601 Yes 357803.403
40 12 29 39 12 28 357802.803 0.05 * -0.601 Yes 357803.403
45 12 33 44 12 32 402452.852 0.05 * -0.718 Yes 402453.570
45 12 34 44 12 33 402452.852 0.05 * -0.718 Yes 402453.570
46 12 34 45 12 33 411379.647 0.05 * -0.709 Yes 411380.355
46 12 35 45 12 34 411379.647 0.05 * -0.709 Yes 411380.355
47 12 35 46 12 34 420305.219 0.05 * -0.772 Yes 420305.991
47 12 36 46 12 35 420305.219 0.05 * -0.772 Yes 420305.991
48 12 36 47 12 35 429229.678 0.05 * -0.769 Yes 429230.447
48 12 37 47 12 36 429229.678 0.05 * -0.769 Yes 429230.447
49 12 37 48 12 36 438152.928 0.05 * -0.766 Yes 438153.694
49 12 38 48 12 37 438152.928 0.05 * -0.766 Yes 438153.694
50 12 38 49 12 37 447074.690 0.05 * -1.014 Yes 447075.704
50 12 39 49 12 38 447074.690 0.05 * -1.014 Yes 447075.704
51 12 39 50 12 38 455995.690 0.05 * -0.758 Yes 455996.447
51 12 40 50 12 39 455995.690 0.05 * -0.758 Yes 455996.447
52 12 40 51 12 39 464915.143 0.05 * -0.752 Yes 464915.895
52 12 41 51 12 40 464915.143 0.05 * -0.752 Yes 464915.895
53 12 41 52 12 40 473833.234 0.05 * -0.785 Yes 473834.018
53 12 42 52 12 41 473833.234 0.05 * -0.785 Yes 473834.018
54 12 42 53 12 41 482749.944 0.05 * -0.844 Yes 482750.788
54 12 43 53 12 42 482749.944 0.05 * -0.844 Yes 482750.788
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
55 12 43 54 12 42 491665.359 0.05 * -0.818
56 12 44 55 12 43 500579.362 0.05 * -0.793 Yes 500580.155
56 12 45 55 12 44 500579.362 0.05 * -0.793 Yes 500580.155
57 12 45 56 12 44 509491.878 0.05 * -0.817 Yes 509492.695
57 12 46 56 12 45 509491.878 0.05 * -0.817 Yes 509492.695
58 12 46 57 12 45 518403.000 0.05 * -0.770 Yes 518403.770
58 12 47 57 12 46 518403.000 0.05 * -0.770 Yes 518403.770
59 12 47 58 12 46 527312.581 0.05 * -0.770 Yes 527313.351
59 12 48 58 12 47 527312.581 0.05 * -0.770 Yes 527313.351
60 12 48 59 12 47 536220.673 0.05 * -0.739 Yes 536221.412
60 12 49 59 12 48 536220.673 0.05 * -0.739 Yes 536221.412
61 12 49 60 12 48 545127.272 0.05 * -0.653 Yes 545127.925
61 12 50 60 12 49 545127.272 0.05 * -0.653 Yes 545127.925
62 12 50 61 12 49 554032.446 0.05 * -0.420 Yes 554032.866
62 12 51 61 12 50 554032.446 0.05 * -0.420 Yes 554032.866
63 12 51 62 12 50 562935.970 0.05 -0.238 Yes 562936.208
63 12 52 62 12 51 562935.970 0.05 -0.238 Yes 562936.208
66 12 54 65 12 53 589635.962 0.05 * -0.442
67 12 56 66 12 55 598532.037 0.05 * -1.050
15 13 2 14 13 1 134285.917 0.05 0.085
16 13 3 15 13 2 143235.874 0.05 0.087
17 13 4 16 13 3 152185.390 0.05 0.121
18 13 5 17 13 4 161134.334 0.05 0.089
19 13 6 18 13 5 170082.765 0.05 0.078
20 13 7 19 13 6 179030.729 0.05 0.167
21 13 8 20 13 7 187978.034 0.05 0.194
22 13 9 21 13 8 196924.651 0.05 0.163
24 13 11 23 13 10 214816.086 0.05 * 0.312 Yes 214815.774
24 13 12 23 13 11 214816.086 0.05 * 0.312 Yes 214815.774
25 13 12 24 13 11 223760.701 0.05 * 0.354 Yes 223760.347
25 13 13 24 13 12 223760.701 0.05 * 0.354 Yes 223760.347
26 13 13 25 13 12 232704.614 0.05 * 0.449 Yes 232704.165
26 13 14 25 13 13 232704.614 0.05 * 0.449 Yes 232704.165
27 13 14 26 13 13 241647.717 0.20 0.523 Yes 241647.194
27 13 15 26 13 14 241647.717 0.20 0.523 Yes 241647.194
28 13 15 27 13 14 250589.973 0.05 * 0.570 Yes 250589.403
28 13 16 27 13 15 250589.973 0.05 * 0.570 Yes 250589.403
29 13 16 28 13 15 259531.537 0.05 * 0.778 Yes 259530.759
29 13 17 28 13 16 259531.537 0.05 * 0.778 Yes 259530.759
30 13 17 29 13 16 268472.128 0.20 0.899 Yes 268471.229
30 13 18 29 13 17 268472.128 0.20 0.899 Yes 268471.229
33 13 20 32 13 19 295288.394 0.05 * 1.403 Yes 295286.991
33 13 21 32 13 20 295288.394 0.05 * 1.403 Yes 295286.991
34 13 21 33 13 20 304225.340 0.05 * 1.756 Yes 304223.584
34 13 22 33 13 21 304225.340 0.05 * 1.756 Yes 304223.584
35 13 22 34 13 21 313161.312 0.05 * 2.188 Yes 313159.124
35 13 23 34 13 22 313161.312 0.05 * 2.188 Yes 313159.124
36 13 23 35 13 22 322096.344 0.05 * 2.768 Yes 322093.576
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
36 13 24 35 13 23 322096.344 0.05 * 2.768 Yes 322093.576
38 13 25 37 13 24 339963.270 0.05 * 4.190 Yes 339959.080
38 13 26 37 13 25 339963.270 0.05 * 4.190 Yes 339959.080
39 13 26 38 13 25 348893.093 0.05 * 3.030 Yes 348890.062
39 13 27 38 13 26 348893.093 0.05 * 3.030 Yes 348890.062
15 14 2 14 14 1 134321.039 0.05 0.020
16 14 2 15 14 1 143272.862 0.05 0.039
17 14 3 16 14 2 152224.196 0.05 0.137
18 14 4 17 14 3 161174.709 0.05 0.021
19 14 5 18 14 4 170124.638 0.05 -0.037
20 14 6 19 14 5 179074.075 0.05 0.091
21 14 7 20 14 6 188022.568 0.05 -0.008
22 14 8 21 14 7 196970.477 0.05 0.061
24 14 10 23 14 9 214863.710 0.05 0.019 Yes 214863.691
24 14 11 23 14 10 214863.710 0.05 0.019 Yes 214863.691
25 14 11 24 14 10 223809.047 0.05 -0.004 Yes 223809.051
25 14 12 24 14 11 223809.047 0.05 -0.004 Yes 223809.051
26 14 12 25 14 11 232753.510 0.05 0.001 Yes 232753.509
26 14 13 25 14 12 232753.510 0.05 0.001 Yes 232753.509
27 14 13 26 14 12 241697.044 0.05 0.016 Yes 241697.028
27 14 14 26 14 13 241697.044 0.05 0.016 Yes 241697.028
28 14 14 27 14 13 250639.588 0.05 0.018 Yes 250639.570
28 14 15 27 14 14 250639.588 0.05 0.018 Yes 250639.570
29 14 15 28 14 14 259581.100 0.05 0.003 Yes 259581.097
29 14 16 28 14 15 259581.100 0.05 0.003 Yes 259581.097
30 14 16 29 14 15 268521.575 0.05 0.004 Yes 268521.571
30 14 17 29 14 16 268521.575 0.05 0.004 Yes 268521.571
31 14 17 30 14 16 277460.939 0.05 -0.014 Yes 277460.953
31 14 18 30 14 17 277460.939 0.05 -0.014 Yes 277460.953
32 14 18 31 14 17 286399.255 0.05 0.050 Yes 286399.205
32 14 19 31 14 18 286399.255 0.05 0.050 Yes 286399.205
33 14 19 32 14 18 295336.200 0.05 -0.089 Yes 295336.289
33 14 20 32 14 19 295336.200 0.05 -0.089 Yes 295336.289
34 14 20 33 14 19 304272.101 0.05 -0.064 Yes 304272.165
34 14 21 33 14 20 304272.101 0.05 -0.064 Yes 304272.165
35 14 21 34 14 20 313206.771 0.05 -0.024 Yes 313206.795
35 14 22 34 14 21 313206.771 0.05 -0.024 Yes 313206.795
36 14 22 35 14 21 322140.171 0.05 0.033 Yes 322140.139
36 14 23 35 14 22 322140.171 0.05 0.033 Yes 322140.139
37 14 23 36 14 22 331072.211 0.05 0.053 Yes 331072.158
37 14 24 36 14 23 331072.211 0.05 0.053 Yes 331072.158
38 14 24 37 14 23 340002.857 0.05 0.045 Yes 340002.812
38 14 25 37 14 24 340002.857 0.05 0.045 Yes 340002.812
39 14 25 38 14 24 348932.105 0.05 0.042 Yes 348932.063
39 14 26 38 14 25 348932.105 0.05 0.042 Yes 348932.063
40 14 26 39 14 25 357859.915 0.05 0.046 Yes 357859.869
40 14 27 39 14 26 357859.915 0.05 0.046 Yes 357859.869
18 15 3 17 15 2 161219.570 0.05 0.130
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
19 15 4 18 15 3 170171.398 0.05 0.052
20 15 5 19 15 4 179122.491 0.05 0.009
21 15 6 20 15 5 188072.848 0.05 0.041
22 15 7 21 15 6 197022.292 0.05 0.013
24 15 9 23 15 8 214918.544 0.05 0.044 Yes 214918.500
24 15 10 23 15 9 214918.544 0.05 0.044 Yes 214918.500
25 15 10 24 15 9 223865.203 0.05 0.038 Yes 223865.165
25 15 11 24 15 10 223865.203 0.05 0.038 Yes 223865.165
26 15 11 25 15 10 232810.841 0.05 0.031 Yes 232810.810
26 15 12 25 15 11 232810.841 0.05 0.031 Yes 232810.810
27 15 12 26 15 11 241755.400 0.05 0.005 Yes 241755.395
27 15 13 26 15 12 241755.400 0.05 0.005 Yes 241755.395
28 15 13 27 15 12 250698.908 0.05 0.033 Yes 250698.875
28 15 14 27 15 13 250698.908 0.05 0.033 Yes 250698.875
29 15 14 28 15 13 259641.240 0.05 0.030 Yes 259641.210
29 15 15 28 15 14 259641.240 0.05 0.030 Yes 259641.210
30 15 15 29 15 14 268582.384 0.05 0.027 Yes 268582.357
30 15 16 29 15 15 268582.384 0.05 0.027 Yes 268582.357
32 15 17 31 15 16 286460.924 0.05 0.008 Yes 286460.916
32 15 18 31 15 17 286460.924 0.05 0.008 Yes 286460.916
33 15 18 32 15 17 295398.157 0.05 -0.087 Yes 295398.243
33 15 19 32 15 18 295398.157 0.05 -0.087 Yes 295398.243
34 15 19 33 15 18 304334.131 0.05 -0.080 Yes 304334.211
34 15 20 33 15 19 304334.131 0.05 -0.080 Yes 304334.211
35 15 20 34 15 19 313268.771 0.05 -0.007 Yes 313268.777
35 15 21 34 15 20 313268.771 0.05 -0.007 Yes 313268.777
36 15 21 35 15 20 322201.897 0.05 -0.001
36 15 22 35 15 21 322201.894 0.05 -0.004
37 15 23 36 15 22 331133.510 0.05 -0.021
38 15 23 37 15 22 340063.599 0.05 -0.033 Yes 340063.632
38 15 24 37 15 23 340063.599 0.05 -0.033 Yes 340063.632
39 15 24 38 15 23 348991.488 0.05 * -0.670 Yes 348992.157
39 15 25 38 15 24 348991.488 0.05 * -0.670 Yes 348992.157
40 15 25 39 15 24 357919.049 0.05 -0.016 Yes 357919.064
40 15 26 39 15 25 357919.049 0.05 -0.016 Yes 357919.064
45 15 30 44 15 29 402527.802 0.05 0.025 Yes 402527.777
45 15 31 44 15 30 402527.802 0.05 0.025 Yes 402527.777
46 15 31 45 15 30 411443.633 0.05 * -0.415 Yes 411444.048
46 15 32 45 15 31 411443.633 0.05 * -0.415 Yes 411444.048
47 15 32 46 15 31 420358.431 0.05 0.040 Yes 420358.390
47 15 33 46 15 32 420358.431 0.05 0.040 Yes 420358.390
48 15 33 47 15 32 429270.744 0.05 -0.016 Yes 429270.761
48 15 34 47 15 33 429270.744 0.05 -0.016 Yes 429270.761
49 15 34 48 15 33 438181.153 0.05 0.038 Yes 438181.115
49 15 35 48 15 34 438181.153 0.05 0.038 Yes 438181.115
50 15 35 49 15 34 447089.445 0.05 0.037 Yes 447089.408
50 15 36 49 15 35 447089.445 0.05 0.037 Yes 447089.408
52 15 37 51 15 36 464899.610 0.05 -0.022 Yes 464899.632
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
52 15 38 51 15 37 464899.610 0.05 -0.022 Yes 464899.632
53 15 38 52 15 37 473801.556 0.05 0.083 Yes 473801.473
53 15 39 52 15 38 473801.556 0.05 0.083 Yes 473801.473
54 15 39 53 15 38 482701.110 0.05 0.035 Yes 482701.075
54 15 40 53 15 39 482701.110 0.05 0.035 Yes 482701.075
55 15 40 54 15 39 491598.473 0.05 0.082 Yes 491598.391
55 15 41 54 15 40 491598.473 0.05 0.082 Yes 491598.391
56 15 41 55 15 40 500493.545 0.05 0.166 Yes 500493.378
56 15 42 55 15 41 500493.545 0.05 0.166 Yes 500493.378
57 15 42 56 15 41 509386.049 0.05 0.057 Yes 509385.991
57 15 43 56 15 42 509386.049 0.05 0.057 Yes 509385.991
58 15 43 57 15 42 518276.297 0.05 0.113 Yes 518276.184
58 15 44 57 15 43 518276.297 0.05 0.113 Yes 518276.184
59 15 44 58 15 43 527164.080 0.05 0.166 Yes 527163.914
59 15 45 58 15 44 527164.080 0.05 0.166 Yes 527163.914
60 15 45 59 15 44 536049.313 0.05 0.179 Yes 536049.134
60 15 46 59 15 45 536049.313 0.05 0.179 Yes 536049.134
61 15 46 60 15 45 544932.127 0.05 * 0.326 Yes 544931.801
61 15 47 60 15 46 544932.127 0.05 * 0.326 Yes 544931.801
62 15 47 61 15 46 553812.295 0.05 * 0.424 Yes 553811.870
62 15 48 61 15 47 553812.295 0.05 * 0.424 Yes 553811.870
63 15 48 62 15 47 562689.872 0.05 * 0.575 Yes 562689.297
63 15 49 62 15 48 562689.872 0.05 * 0.575 Yes 562689.297
64 15 49 63 15 48 571564.884 0.05 * 0.848 Yes 571564.036
64 15 50 63 15 49 571564.884 0.05 * 0.848 Yes 571564.036
17 16 2 16 16 1 152313.243 0.05 0.047
20 16 4 19 16 3 179175.571 0.05 -0.013
21 16 5 20 16 4 188127.945 0.05 -0.049
22 16 6 21 16 5 197079.360 0.05 -0.109
24 16 8 23 16 7 214979.382 0.05 -0.050 Yes 214979.432
24 16 9 23 16 8 214979.382 0.05 -0.050 Yes 214979.432
25 16 9 24 16 8 223927.809 0.05 -0.020 Yes 223927.830
25 16 10 24 16 9 223927.809 0.05 -0.020 Yes 223927.830
26 16 10 25 16 9 232875.114 0.05 0.002 Yes 232875.111
26 16 11 25 16 10 232875.114 0.05 0.002 Yes 232875.111
27 16 11 26 16 10 241821.283 0.05 0.052 Yes 241821.231
27 16 12 26 16 11 241821.283 0.05 0.052 Yes 241821.231
28 16 12 27 16 11 250766.165 0.05 0.022 Yes 250766.144
28 16 13 27 16 12 250766.165 0.05 0.022 Yes 250766.144
29 16 13 28 16 12 259709.786 0.05 -0.017 Yes 259709.803
29 16 14 28 16 13 259709.786 0.05 -0.017 Yes 259709.803
30 16 14 29 16 13 268652.177 0.05 0.014 Yes 268652.163
30 16 15 29 16 14 268652.177 0.05 0.014 Yes 268652.163
31 16 15 30 16 14 277593.154 0.05 -0.025 Yes 277593.179
31 16 16 30 16 15 277593.154 0.05 -0.025 Yes 277593.179
32 16 16 31 16 15 286532.814 0.05 0.011 Yes 286532.803
32 16 17 31 16 16 286532.814 0.05 0.011 Yes 286532.803
33 16 17 32 16 16 295470.977 0.05 -0.013 Yes 295470.990
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
33 16 18 32 16 17 295470.977 0.05 -0.013 Yes 295470.990
34 16 18 33 16 17 304407.682 0.05 -0.013 Yes 304407.695
34 16 19 33 16 18 304407.682 0.05 -0.013 Yes 304407.695
35 16 19 34 16 18 313342.811 0.05 -0.059 Yes 313342.870
35 16 20 34 16 19 313342.811 0.05 -0.059 Yes 313342.870
36 16 20 35 16 19 322276.470 0.05 0.001 Yes 322276.469
36 16 21 35 16 20 322276.470 0.05 0.001 Yes 322276.469
37 16 21 36 16 20 331208.452 0.05 0.006 Yes 331208.446
37 16 22 36 16 21 331208.452 0.05 0.006 Yes 331208.446
38 16 22 37 16 21 340138.768 0.05 0.014 Yes 340138.754
38 16 23 37 16 22 340138.768 0.05 0.014 Yes 340138.754
39 16 23 38 16 22 349067.353 0.05 0.006 Yes 349067.347
39 16 24 38 16 23 349067.353 0.05 0.006 Yes 349067.347
40 16 24 39 16 23 357994.199 0.05 0.022 Yes 357994.178
40 16 25 39 16 24 357994.199 0.05 0.022 Yes 357994.178
46 16 30 45 16 29 411515.638 0.05 0.104 Yes 411515.534
46 16 31 45 16 30 411515.638 0.05 0.104 Yes 411515.534
47 16 31 46 16 30 420428.682 0.05 -0.034 Yes 420428.716
47 16 32 46 16 31 420428.682 0.05 -0.034 Yes 420428.716
48 16 32 47 16 31 429339.784 0.05 0.024 Yes 429339.760
48 16 33 47 16 32 429339.784 0.05 0.024 Yes 429339.760
49 16 33 48 16 32 438248.652 0.05 0.033 Yes 438248.618
49 16 34 48 16 33 438248.652 0.05 0.033 Yes 438248.618
50 16 34 49 16 33 447155.274 0.05 0.030 Yes 447155.244
50 16 35 49 16 34 447155.274 0.05 0.030 Yes 447155.244
51 16 35 50 16 34 456059.624 0.05 0.035 Yes 456059.589
51 16 36 50 16 35 456059.624 0.05 0.035 Yes 456059.589
52 16 36 51 16 35 464961.631 0.05 0.024 Yes 464961.607
52 16 37 51 16 36 464961.631 0.05 0.024 Yes 464961.607
53 16 37 52 16 36 473861.264 0.05 0.014 Yes 473861.250
53 16 38 52 16 37 473861.264 0.05 0.014 Yes 473861.250
54 16 38 53 16 37 482758.428 0.05 -0.043 Yes 482758.471
54 16 39 53 16 38 482758.428 0.05 -0.043 Yes 482758.471
55 16 39 54 16 38 491653.292 0.05 0.070 Yes 491653.222
55 16 40 54 16 39 491653.292 0.05 0.070 Yes 491653.222
56 16 40 55 16 39 500545.398 0.05 -0.058 Yes 500545.456
56 16 41 55 16 40 500545.398 0.05 -0.058 Yes 500545.456
57 16 41 56 16 40 509435.086 0.05 -0.040 Yes 509435.125
57 16 42 56 16 41 509435.086 0.05 -0.040 Yes 509435.125
58 16 42 57 16 41 518322.050 0.05 -0.133 Yes 518322.183
58 16 43 57 16 42 518322.050 0.05 -0.133 Yes 518322.183
60 16 44 59 16 43 536088.057 0.05 -0.216 Yes 536088.274
60 16 45 59 16 44 536088.057 0.05 -0.216 Yes 536088.274
61 16 45 60 16 44 544966.930 0.05 * -0.282 Yes 544967.212
61 16 46 60 16 45 544966.930 0.05 * -0.282 Yes 544967.212
62 16 46 61 16 45 553843.019 0.05 * -0.331 Yes 553843.350
62 16 47 61 16 46 553843.019 0.05 * -0.331 Yes 553843.350
63 16 47 62 16 46 562716.222 0.05 * -0.419 Yes 562716.640
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
63 16 48 62 16 47 562716.222 0.05 * -0.419 Yes 562716.640
64 16 48 63 16 47 571586.529 0.05 * -0.507 Yes 571587.036
64 16 49 63 16 48 571586.529 0.05 * -0.507 Yes 571587.036
65 16 49 64 16 48 580453.916 0.05 * -0.574 Yes 580454.490
65 16 50 64 16 49 580453.916 0.05 * -0.574 Yes 580454.490
66 16 50 65 16 49 589318.251 0.05 * -0.705 Yes 589318.956
66 16 51 65 16 50 589318.251 0.05 * -0.705 Yes 589318.956
67 16 51 66 16 50 598179.567 0.05 * -0.820 Yes 598180.388
67 16 52 66 16 51 598179.567 0.05 * -0.820 Yes 598180.388
24 17 7 23 17 6 215045.350 0.05 * -0.529 Yes 215045.880
24 17 8 23 17 7 215045.350 0.05 * -0.529 Yes 215045.880
25 17 8 24 17 7 223995.681 0.05 * -0.689 Yes 223996.370
25 17 9 24 17 8 223995.681 0.05 * -0.689 Yes 223996.370
26 17 9 25 17 8 232944.974 0.05 * -0.689 Yes 232945.663
26 17 10 25 17 9 232944.974 0.05 * -0.689 Yes 232945.663
27 17 10 26 17 9 241892.968 0.05 * -0.742 Yes 241893.709
27 17 11 26 17 10 241892.968 0.05 * -0.742 Yes 241893.709
28 17 11 27 17 10 250839.827 0.05 * -0.635 Yes 250840.462
28 17 12 27 17 11 250839.827 0.05 * -0.635 Yes 250840.462
29 17 12 28 17 11 259785.148 0.05 * -0.723 Yes 259785.871
29 17 13 28 17 12 259785.148 0.05 * -0.723 Yes 259785.871
30 17 13 29 17 12 268730.809 0.05 * 0.921 Yes 268729.888
30 17 14 29 17 13 268730.809 0.05 * 0.921 Yes 268729.888
32 17 15 31 17 14 286612.910 0.05 * -0.642 Yes 286613.552
32 17 16 31 17 15 286612.910 0.05 * -0.642 Yes 286613.552
33 17 16 32 17 15 295552.583 0.05 * -0.518 Yes 295553.101
33 17 17 32 17 16 295552.583 0.05 * -0.518 Yes 295553.101
35 17 18 34 17 17 313426.882 0.05 * -0.507 Yes 313427.389
35 17 19 34 17 18 313426.882 0.05 * -0.507 Yes 313427.389
36 17 19 35 17 18 322361.492 0.05 * -0.538 Yes 322362.031
36 17 20 35 17 19 322361.492 0.05 * -0.538 Yes 322362.031
37 17 20 36 17 19 331294.583 0.05 * -0.355 Yes 331294.938
37 17 21 36 17 20 331294.583 0.05 * -0.355 Yes 331294.938
38 17 21 37 17 20 340224.907 0.05 * -1.156 Yes 340226.062
38 17 22 37 17 21 340224.907 0.05 * -1.156 Yes 340226.062
39 17 22 38 17 21 349154.823 0.05 * -0.531 Yes 349155.354
39 17 23 38 17 22 349154.823 0.05 * -0.531 Yes 349155.354
40 17 23 39 17 22 358082.304 0.05 * -0.462 Yes 358082.765
40 17 24 39 17 23 358082.304 0.05 * -0.462 Yes 358082.765
45 17 28 44 17 27 402689.522 0.05 * -0.353 Yes 402689.875
45 17 29 44 17 28 402689.522 0.05 * -0.353 Yes 402689.875
46 17 29 45 17 28 411604.648 0.05 * -0.315 Yes 411604.963
46 17 30 45 17 29 411604.648 0.05 * -0.315 Yes 411604.963
47 17 30 46 17 29 420517.456 0.05 * -0.368 Yes 420517.824
47 17 31 46 17 30 420517.456 0.05 * -0.368 Yes 420517.824
48 17 31 47 17 30 429427.909 0.05 * -0.501 Yes 429428.410
48 17 32 47 17 31 429427.909 0.05 * -0.501 Yes 429428.410
50 17 33 49 17 32 447242.442 0.05 -0.114 Yes 447242.556
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
50 17 34 49 17 33 447242.442 0.05 -0.114 Yes 447242.556
51 17 34 50 17 33 456145.942 0.05 -0.075 Yes 456146.017
51 17 35 50 17 34 456145.942 0.05 -0.075 Yes 456146.017
52 17 35 51 17 34 465046.919 0.05 -0.087 Yes 465047.006
52 17 36 51 17 35 465046.919 0.05 -0.087 Yes 465047.006
53 17 36 52 17 35 473945.458 0.05 -0.013 Yes 473945.471
53 17 37 52 17 36 473945.458 0.05 -0.013 Yes 473945.471
54 17 37 53 17 36 482841.341 0.05 -0.023 Yes 482841.364
54 17 38 53 17 37 482841.341 0.05 -0.023 Yes 482841.364
55 17 38 54 17 37 491734.641 0.05 0.005 Yes 491734.636
55 17 39 54 17 38 491734.641 0.05 0.005 Yes 491734.636
56 17 39 55 17 38 500625.281 0.05 0.044 Yes 500625.237
56 17 40 55 17 39 500625.281 0.05 0.044 Yes 500625.237
57 17 40 56 17 39 509513.135 0.05 0.016 Yes 509513.118
57 17 41 56 17 40 509513.135 0.05 0.016 Yes 509513.118
58 17 41 57 17 40 518398.342 0.05 0.111 Yes 518398.231
58 17 42 57 17 41 518398.342 0.05 0.111 Yes 518398.231
59 17 42 58 17 41 527280.623 0.05 0.098 Yes 527280.525
59 17 43 58 17 42 527280.623 0.05 0.098 Yes 527280.525
60 17 43 59 17 42 536159.964 0.05 0.012 Yes 536159.952
60 17 44 59 17 43 536159.964 0.05 0.012 Yes 536159.952
61 17 44 60 17 43 545036.513 0.05 0.050 Yes 545036.463
61 17 45 60 17 44 545036.513 0.05 0.050 Yes 545036.463
62 17 45 61 17 44 553910.068 0.05 0.059 Yes 553910.009
62 17 46 61 17 45 553910.068 0.05 0.059 Yes 553910.009
63 17 46 62 17 45 562780.575 0.05 0.033 Yes 562780.542
63 17 47 62 17 46 562780.575 0.05 0.033 Yes 562780.542
64 17 47 63 17 46 571647.976 0.05 -0.037 Yes 571648.013
64 17 48 63 17 47 571647.976 0.05 -0.037 Yes 571648.013
65 17 48 64 17 47 580512.186 0.05 -0.187 Yes 580512.373
65 17 49 64 17 48 580512.186 0.05 -0.187 Yes 580512.373
6 0 6 5 1 5 33131.490 0.05 -0.042
8 0 8 7 1 7 53257.520 0.05 -0.031
9 0 9 8 1 8 63398.981 0.05 -0.055
10 0 10 9 1 9 73540.974 0.05 -0.047
11 0 11 10 1 10 83646.387 0.05 -0.062
12 0 12 11 1 11 93682.174 0.05 -0.086
15 0 15 14 1 14 123134.798 0.05 * -0.303
16 0 16 15 1 15 132691.540 0.05 -0.094
17 0 17 16 1 16 142113.141 0.05 -0.051
18 0 18 17 1 17 151405.073 0.05 -0.068
19 0 19 18 1 18 160576.307 0.05 0.028
20 0 20 19 1 19 169637.430 0.05 -0.079
21 0 21 20 1 20 178600.533 0.05 -0.193
22 0 22 21 1 21 187477.850 0.05 -0.117
24 0 24 23 1 23 205019.930 0.05 -0.073
25 0 25 24 1 24 213705.163 0.05 -0.073
29 0 29 28 1 28 248061.426 0.05 -0.026
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J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
31 0 31 30 1 30 265088.590 0.05 -0.046
32 0 32 31 1 31 273578.418 0.05 -0.130
33 0 33 32 1 32 282056.262 0.05 -0.005
34 0 34 33 1 33 290523.800 0.05 -0.075
35 0 35 34 1 34 298983.042 0.05 -0.023
37 0 37 36 1 36 315881.125 0.05 * -0.255
38 0 38 37 1 37 324322.872 0.05 * 0.397
41 0 41 40 1 40 349621.583 0.05 0.076
59 0 59 58 1 58 500935.738 0.05 0.233
61 0 61 60 1 60 517702.903 0.05 0.159
13 1 12 12 2 11 65455.917 0.05 -0.032
14 1 13 13 2 12 77177.746 0.05 0.031
15 1 14 14 2 13 88991.696 0.05 0.007
17 1 16 16 2 15 112779.057 0.05 -0.014
6 1 6 5 0 5 72351.122 0.05 0.000
7 1 7 6 0 6 79773.253 0.05 0.030
8 1 8 7 0 7 87059.376 0.05 0.009
9 1 9 8 0 8 94244.009 0.05 0.004
10 1 10 9 0 9 101364.150 0.05 0.035
11 1 11 10 0 10 108457.458 0.05 0.071
12 1 12 11 0 11 115560.110 0.05 -0.007
13 1 13 12 0 12 122705.089 0.05 0.024
14 1 14 13 0 13 129919.653 0.05 0.033
15 1 15 14 0 14 137224.578 0.05 0.025
16 1 16 15 0 15 144633.553 0.05 0.022
17 1 17 16 0 16 152153.368 0.05 -0.036
24 1 24 23 0 23 207543.826 0.05 0.006
29 1 29 28 0 28 248902.652 0.05 0.033
30 1 30 29 0 29 257254.427 0.05 -0.062
33 1 33 32 0 32 282392.286 0.05 -0.014
34 1 34 33 0 33 290789.969 0.05 -0.007
35 1 35 34 0 34 299193.525 0.05 0.018
36 1 36 35 0 35 307601.675 0.05 * 0.253
37 1 37 36 0 36 316012.500 0.05 -0.023
38 1 38 37 0 37 324426.050 0.05 0.216
39 1 39 38 0 38 332840.610 0.05 0.045
41 1 41 40 0 40 349671.825 0.05 -0.006
42 1 42 41 0 41 358087.349 0.05 -0.070
3 2 1 2 1 2 98397.978 0.05 * 0.688
4 2 3 3 1 2 105142.541 0.05 0.040
5 2 3 4 1 4 118160.592 0.05 * -0.276
7 2 6 6 1 5 128365.400 0.05 0.005
8 2 6 7 1 7 150529.492 0.05 * 0.553
9 2 8 8 1 7 142684.863 0.05 * 0.353
10 2 9 9 1 8 149510.788 0.05 -0.058
12 2 11 11 1 10 162540.293 0.05 * -0.704
17 2 15 16 1 16 278482.865 0.05 * 0.709
18 2 16 17 1 17 296201.863 0.05 * 1.354
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
29 2 28 28 1 27 264310.838 0.05 0.025
30 2 29 29 1 28 271355.388 0.05 0.129
33 2 32 32 1 31 293500.129 0.05 0.081
34 2 33 33 1 32 301168.215 0.05 0.087
36 2 35 35 1 34 316839.697 0.05 * 0.915
37 2 36 36 1 35 324811.931 0.05 0.040
38 2 37 37 1 36 332859.244 0.05 0.006
4 1 3 4 0 4 26097.404 0.05 -0.031
5 1 4 5 0 5 27406.956 0.05 0.125
6 1 5 6 0 6 29035.680 0.05 0.085
7 1 6 7 0 7 31012.870 0.05 0.027
8 1 7 8 0 8 33370.070 0.05 0.146
9 1 8 9 0 9 36138.570 0.05 -0.010
10 1 9 10 0 10 39348.696 0.05 0.083
13 1 12 13 0 13 51840.860 0.05 -0.019
14 1 13 14 0 14 56985.650 0.05 0.093
19 1 18 19 0 19 89163.127 0.05 0.123
20 1 19 20 0 20 96578.349 0.05 0.128
21 1 20 21 0 21 104190.566 0.05 0.183
23 1 22 23 0 23 119779.475 0.05 0.104
24 1 23 24 0 24 127654.330 0.05 -0.082
25 1 24 25 0 25 135525.678 0.05 * -0.804
26 1 25 26 0 26 143362.743 0.05 * -0.363
28 1 27 28 0 28 158841.186 0.05 -0.144
6 2 4 6 1 5 66377.959 0.05 -0.073
6 2 5 6 1 6 75916.445 0.05 -0.015
7 2 6 7 1 7 77627.729 0.05 -0.038
8 2 7 8 1 8 79591.707 0.05 -0.048
9 2 8 9 1 9 81810.357 0.05 -0.072
10 2 9 10 1 10 84285.225 0.05 -0.086
11 2 10 11 1 11 87017.176 0.05 -0.056
12 2 11 12 1 12 90006.073 0.05 -0.066
14 2 12 14 1 13 59249.603 0.05 -0.033
14 2 13 14 1 14 96749.299 0.05 0.050
15 2 13 15 1 14 59476.656 0.05 -0.032
15 2 14 15 1 15 100497.530 0.05 0.048
16 2 14 16 1 15 60118.423 0.05 -0.061
16 2 15 16 1 16 104490.640 0.05 0.059
17 2 15 17 1 16 61212.453 0.05 -0.052
17 2 16 17 1 17 108722.176 0.05 0.084
18 2 16 18 1 17 62791.983 0.05 -0.013
18 2 17 18 1 18 113184.276 0.05 0.101
19 2 17 19 1 18 64886.126 0.05 -0.045
19 2 18 19 1 19 117867.935 0.05 * 0.263
20 2 18 20 1 19 67519.891 0.05 -0.073
21 2 19 21 1 20 70713.661 0.05 * 0.408
22 2 20 22 1 21 74479.556 0.05 -0.078
23 2 21 23 1 22 78824.823 0.05 -0.107
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Tabla A.5: continued.
J’ K′a K′c J” K′′a K′′c ν(Hz) eν(Hz) fν(Hz) O-C(Hz) Blend fPeak(Hz)
24 2 22 24 1 23 83745.573 0.05 -0.148
25 2 23 25 1 24 89228.066 0.05 -0.136
Tabla A5. Los para´metros de la cabecera de las columnas para las medida de las transiciones de
CH3CH2CN ν12 es la siguiente: Col. 1-3 y 4-6 se corresponde con los nu´meros cua´nticos del nivel
superior e inferior respectivamente. Col. 7 y 8 es la frecuencia observada y el error en la frecuencia,
respectivamente. Col. 9 indica con un ∗ aquellas lı´neas no ajustadas. Col. 10 se corresponde con la
diferencia entre las frecuencias observada y calculada. Col. 11 indica con [Yes] si existe solapamiento
con otra especie molecular. Col. 12 muestra el pico de frecuencia media ponderada.
Ape´ndice B
Lo´pez et al. 2014, A&A, 572, A44
Tabla B.1: Detected lines of CH2CHCN g.s. .
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
91,9-81,8 83207.507 8.89 22.1 5.0(1) 0.24(2)
Wide comp. 3.5±0.4 14±1 0.12 1.8±0.2
Narrow comp. 5.2±0.3 0.8±0.4 0.12 0.78±0.11
90,9-80,8 84946.003 9.00 20.4 4.4(1) 0.24(2)
4.4±0.4 11±1 0.23 2.7±0.2
92,8-82,7 85302.649 8.56 29.1 5.2(1) 0.24(2)
5.2±0.3 9.5±0.7 0.22 2.26±0.14
94,6-84,5 85416.746 7.22 55.1 5.3(1) 0.32(2)
94,5-84,4 85416.797† 7.22 55.1 5.4(1) ”
5.45±0.06 7.4±0.3 0.31 2.46±0.08
95,5-85,4 85419.956 6.22 74.5 5.2(1) 0.31(2)
95,4-85,3 85419.956† 6.22 74.5 5.2(1) ”
5.7±0.4 10±1 0.31 3.4±0.4
93,7-83,6 85426.922 8.00 40.0 5.3(1) 0.20(2)
5.3±0.4 11±1 0.20 2.4±0.2
96,4-86,3 85431.192 5.00 98.3 6.7(1,3) 0.21(2)
96,3-86,2 85431.192† 5.00 98.3 6.7(1,3) ”
6.9±0.3 8.8±0.8 0.22 2.0±0.2
93,6-83,5 85434.528 8.00 40.0 5.5(1) 0.24(2)
5.7±0.3 11.8±0.9 0.22 2.8±0.2
97,3-87,2 85447.698 3.56 126.3 6.3(1) 0.13(2)
97,2-87,1 85447.698† 3.56 126.3 6.3(1) ”
98,1-88,0 85468.367 1.89 158.5 5.1(1) 0.05(2)
98,2-88,1 85468.367† 1.89 158.5 5.1(1) ”
5.1±0.5 7±1 0.05 0.39±0.05
92,7-82,6 85715.426 8.56 29.2 5.1(1) 0.23(2)
Wide comp. 3.7±0.2 16.4±0.6 0.09 1.62±0.06
Narrow comp. 5.18±0.07 5.5±0.2 0.14 0.80±0.06
91,8-81,7 87312.818 8.89 23.1 5.0(1) 0.30(2)
4.89±0.14 8.6±0.4 0.32 2.96±0.14
101,10-91,9 92426.251 9.90 26.6 5.2(1,4) 0.40(2)
Wide comp. 2.9±0.4 16±1 0.21 3.5±0.2
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
Narrow comp. 5.4±0.3 5.2±0.6 0.20 1.1±0.2
100,10-90,9 94276.637 9.99 25.0 4.2(1,5) 0.38(2)
4.16±0.15 9.6±0.4 0.38 3.94±0.13
102,9-92,8 94760.783 9.60 33.7 5.6(1) 0.29(2)
Wide comp. 4.4±0.5 14±1 0.16 2.4±0.3
Narrow comp. 5.6±0.3 4±1 0.16 0.8±0.3
104,7-94,6 94913.117 8.40 59.7 3.6(1) 0.79(2)
104,6-94,5 94913.229† 8.40 59.7 3.9(1) ”
105,6-95,5 94913.960† 7.50 79.1 6.2(1) ”
105,5-95,4 94913.961† 7.50 79.1 6.2(1) ”
Wide comp. 2.0±0.2 19±1 0.26 5.3±0.2
Narrow comp. 5.23±0.09 7.3±0.3 0.57 4.4±0.3
106,5-96,4 94925.004 6.40 102.8 5.9(1,6) 0.31(2)
106,4-96,3 94925.004† 6.40 102.8 5.9(1,6) ”
103,8-93,7 94928.608 9.10 44.5 5.4(1) 0.41(2)
5.4±0.6 9±1 0.39 3.8±0.51
103,7-93,6 94941.632 9.10 44.5 4.1(1) 0.46(2)
107,4-97,3 94942.491† 5.10 130.8 6.8(1) ”
107,3-97,2 94942.491† 5.10 130.8 6.8(1) ”
Wide comp. 2.9±0.6 15±1 0.17 2.8±0.4
Narrow comp. 6.1±0.2 7.0±0.7 0.33 2.4±0.5
108,3-98,2 94964.909 3.60 163.1 4.6(1) 0.12(2)
108,2-98,1 94964.909† 3.60 163.1 4.6(1) ”
109,2-99,1 94991.513 1.90 199.6 5.3(1) 0.04(2)
109,1-99,0 94991.513† 1.90 199.6 5.3(1) ”
5.3±0.3 7.1±0.7 0.04 0.33±0.03
102,8-92,7 95325.476 9.60 33.8 4.9(1) 0.37(2)
Wide comp. 1.4±0.8 22±1 0.12 2.9±0.2
Narrow comp. 5.1±0.2 6.1±0.4 0.25 1.7±0.2
101,9-91,8 96982.440 9.60 27.8 4.8(1,7) 0.66(2)
111,11-101,10 101637.233 10.90 31.5 5.1(1) 0.52(2)
Wide comp. 3.5±0.5 15±1 0.24 3.8±0.4
Narrow comp. 5.3±0.2 5.6±0.6 0.30 1.8±0.4
110,11-100,10 103575.398 11.00 29.9 5.1(1) 0.52(2)
Wide comp. 2.0±0.5 14.7±0.7 0.19 3.0±0.2
Narrow comp. 5.36±0.12 5.6±0.3 0.36 2.2±0.2
112,10-102,9 104212.649 10.60 38.7 5.1(1) 0.48(2)
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
Wide comp. 3.3±0.3 15±1 0.21 3.5±0.2
Narrow comp. 5.22±0.11 5.2±0.4 0.34 1.8±0.2
115,7-105,6 104408.877 8.73 84.1 2.9(1,8) 3.45(2)
115,6-105,5 104408.878† 8.73 84.1 2.9(1,8) ”
114,8-104,7 104411.244† 9.55 64.7 8.3(1,8) ”
114,7-104,6 104411.467† 9.55 64.7 7.6(1,8) ”
116,6-106,5 104419.274 7.73 107.8 4.0(1,9) 0.54(2)
116,5-106,4 104419.274† 7.73 107.8 4.0(1,9) ”
113,9-103,8 104432.782 10.20 49.5 5.1(1) 0.49(2)
117,5-107,4 104437.474 6.55 135.8 5.1(1) 0.44(2)
117,4-107,3 104437.474† 6.55 135.8 5.1(1) ”
113,8-103,7 104453.916 10.20 49.5 5.9(1,10) 0.56(2)
118,3-108,2 104461.467 5.18 168.1 4.6(1) 0.24(2)
118,4-108,3 104461.467† 5.18 168.1 4.6(1) ”
119,3-109,2 104490.310 3.64 204.6 5.5(1) 0.14(2)
119,2-109,1 104490.310† 3.64 204.6 5.5(1) ”
1110,1-1010,0 104523.501 19.10 245.3 4.9(1,11) 0.07(2)
1110,2-1010,1 104523.501† 19.10 245.3 4.9(1,11) ”
112,9-102,8 104960.542 10.60 38.8 5.0(1) 0.51(2)
Wide comp. 2.4±0.3 17±1 0.25 4.5±0.3
Narrow comp. 5.1±0.2 5.5±0.6 0.33 2.0±0.3
111,10-101,9 106641.391 10.90 32.9 4.9(1) 0.64(2)
121,12-111,11 110839.977 11.90 36.8 5.0(1) 0.66(2)
Wide comp. 2.4±0.3 17±1 0.26 4.0±0.4
Narrow comp. 5.1±0.2 5.5±0.6 0.42 2.5±0.4
120,12-110,11 112840.646 12.00 35.3 5.6(1) 0.42(2)
Wide comp. 4.2±0.3 17.1±1 0.27 4.9±0.1
Narrow comp. 5.7±0.2 4.6±0.3 0.19 0.95±0.01
122,11-112,10 113657.637 11.70 44.1 5.3(1) 0.36(2)
125,8-115,7 113904.796 9.92 89.6 4.9(1) 0.83(2)
125,7-115,6 113904.799† 9.92 89.6 4.9(1) ”
124,9-114,8 113911.289 10.70 70.1 0.7(1,12) 1.18(2)
124,8-114,7 113911.706† 10.70 70.1 0.4(1,12) ”
126,7-116,6 113914.047† 9.00 113.3 6.6(1,12) ”
126,6-116,5 113914.047† 9.00 113.3 6.6(1,12) ”
127,6-117,5 113932.664 7.92 141.3 4.6(1) 0.49(2)
127,5-117,4 113932.664† 7.92 141.3 4.6(1) ”
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
123,10-113,9 113939.399 11.20 55.0 5.3(1) 0.60(2)
128,5-118,4 113958.043 6.67 173.6 4.8(1) 0.39(2)
128,4-118,3 113958.043† 6.67 173.6 4.8(1) ”
123,9-113,8 113972.216 11.20 55.0 4.3(1) 0.76(2)
129,4-119,3 113988.965 5.25 210.1 5.0(1) 0.26(2)
129,3-119,2 113988.965† 5.25 210.1 5.0(1) ”
1210,2-1110,1 114024.785 3.67 250.8 4.7(1) 0.13(2)
1210,3-1110,2 114024.785† 3.67 250.8 4.7(1) ”
1211,2-1111,1 114065.125 1.92 295.7 (5,13) ...
1211,1-1111,0 114065.125† 1.92 295.7 (5,13) ...
122,10-112,9 114621.568 11.70 44.3 5.4(1) 0.59(2)
Wide comp. 5.4±0.2 12.7±0.9 0.38 5.1±0.3
Narrow comp. 5.41±0.06 2.6±0.2 0.34 0.96±0.12
140,14-130,13 131267.475 14.00 47.5 2.5(1) 2.08(2)
142,13-132,12 132524.586 13.70 56.4 (14) ...
145,10-135,9 132900.001 12.20 101.9 5.7(1) 1.18(2)
145,9-135,8 132900.012† 12.20 101.9 5.8(1) ”
6.1±0.5 7.8±0.9 1.02 8.4±0.9
146,9-136,8 132905.283 11.40 125.6 5.1(1) 1.02(2)
146,8-136,7 132905.283† 11.40 125.6 5.1(1) ”
144,11-134,10 132917.744 12.90 82.4 5.7(1,15) 3.96(2)
144,10-134,9 132919.000† 12.90 82.4 5.7(1,15) ”
147,8-137,7 132923.742† 10.50 153.6 5.7(1,15) ”
147,7-137,6 132923.742† 10.50 153.6 5.7(1,15) ”
148,7-138,6 132951.255 9.43 185.9 4.9(1) 0.51(2)
148,6-138,5 132951.255† 9.43 185.9 4.9(1) ”
4.9±0.2 6.1±0.4 0.40 2.6±0.2
143,12-133,11 132959.413 13.40 67.3 5.1(1) 0.68(2)
Wide comp. 3.8±0.4 19±1 0.29 6.0±0.3
Narrow comp. 5.15±0.11 4.7±0.4 0.44 2.2±0.2
149,6-139,5 132985.900 8.21 222.4 5.0(1) 0.38(2)
149,5-139,4 132985.900† 8.21 222.4 5.0(1) ”
4.9±0.3 7.6±0.7 0.36 2.9±0.2
1410,4-1310,3 133026.666 6.86 263.1 5.9(1,16) 0.42(2)
1410,5-1310,4 133026.666† 6.86 263.1 5.9(1,16) ”
143,11-133,10 133030.668 13.40 67.3 4.8(1) 0.77(2)
4.8±0.3 8.9±0.6 0.73 6.9±0.4
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
1411,4-1311,3 133072.968 5.36 308.0 4.4(1,13) 0.28(2)
1411,3-1311,2 133072.968† 5.36 308.0 4.4(1,13) ”
1412,2-1312,1 133124.438 3.71 357.0 (12,13) ...
1412,3-1312,2 133124.438† 3.71 357.0 (12,13) ...
1413,2-1313,1 133180.824 1.93 410.2 (15) ...
1413,1-1313,0 133180.824† 1.93 410.2 (15) ...
142,12-132,11 134021.823 13.70 56.7 6.0(1) 0.85(2)
6.2±0.5 8±1 0.80 7.1±0.7
141,13-131,12 135539.953 13.90 51.0 8.2(1,15) 2.80(2)
151,15-141,14 138395.146 14.90 55.4 4.2(1) 0.95(2)
4.2±0.2 11.1±0.7 0.92 10.9 ±0.6
150,15-140,14 140429.436 15.00 54.2 4.9(1) 0.94(2)
Wide comp. 3.1±0.2 17.2±0.9 0.45 8.2±0.3
Narrow comp. 5.12±0.15 5.8±0.4 0.51 3.2±0.4
152,14-142,13 141947.301 14.70 63.2 4.9(1) 1.24(2)
Wide comp. 1.8±0.6 16±2 0.67 8.2±0.3
Narrow comp. 5.3±0.3 6.0±0.5 0.64 3.2±0.4
155,11-145,10 142399.465 13.30 108.7 1.6(1,14) 2.00(2)
155,10-145,9 142399.486† 13.30 108.7 1.5(1,14) ”
156,10-146,9 142401.835† 12.60 132.4 3.4(1,14) ”
156,9-146,8 142401.835† 12.60 132.4 3.4(1,14) ”
157,9-147,8 142419.665 11.70 160.5 4.9(1) 1.04(2)
157,8-147,7 142419.665† 11.70 160.5 4.9(1) ”
154,12-144,11 142424.437 13.90 89.3 2.7(1) 1.47(2)
154,11-144,10 142426.489† 13.90 89.3 7.1(1) ”
158,8-148,7 142447.892 10.70 192.7 5.1(1) 0.84(2)
158,7-148,6 142447.892† 10.70 192.7 5.1(1) ”
5.0±0.3 8±1 0.80 7.2±0.8
153,13-143,12 142472.339 14.40 74.2 5.3(1) 1.05(2)
159,6-149,5 142484.158 9.60 229.2 5.1(1) 0.57(2)
159,7-149,6 142484.158† 9.60 229.2 5.1(1) ”
5.0±0.3 8±1 0.53 4.3±0.3
1510,6-1410,5 142527.225 8.33 269.9 5.2(1) 0.47(2)
1510,5-1410,4 142527.225† 8.33 269.9 5.2(1) ”
153,12-143,11 142572.959 14.40 74.2 5.2(1) 1.06(2)
1511,5-1411,4 142576.381† 6.93 314.8 5.5(1) ”
1511,4-1411,3 142576.381† 6.93 314.8 5.5(1) ”
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
Wide comp. 2.0±0.5 15±1 0.69 10.9±0.8
Narrow comp. 5.6±0.3 4.4±0.6 0.48 2.2±0.6
1512,3-1412,2 142631.178 5.40 363.9 5.8(1,17) 0.29(2)
1512,4-1412,3 142631.178† 5.40 363.9 5.8(1,17) ”
1513,3-1413,2 142691.318 3.73 417.0 (11,18) ...
1513,2-1413,1 142691.318† 3.73 417.0 (11,18) ...
1514,1-1414,0 142756.580 1.93 474.3 (14) ...
1514,2-1414,1 142756.580† 1.93 474.3 (14) ...
152,13-142,12 143759.241 14.70 63.6 5.3(1) 1.37(2)
4.6±0.3 9±1 1.31 13.1±1.1
151,14-141,13 145141.495 14.90 58.0 5.5(1) 1.27(2)
5.1±0.7 15±2 1.18 19.4±1.9
161,16-151,15 147561.704 15.90 62.5 5.1(1) 1.08(2)
Wide comp. 2.8±0.5 18±2 0.56 10.9±0.4
Narrow comp. 5.2±0.1 4.9±0.4 0.56 2.9±0.4
160,16-150,15 149558.700 16.00 61.4 4.6(1) 1.33(2)
4.6±0.2 11.0±0.7 1.18 13.8±0.6
162,15-152,14 151356.950 15.70 70.5 4.4(1) 1.30(2)
5.0±0.3 9.9±0.8 1.15 12.2±1.0
166,11-156,10 151899.067 13.80 139.7 3.4(1) 2.54(2)
166,10-156,9 151899.068† 13.80 139.7 3.4(1) ”
165,12-155,11 151900.287† 14.40 116.0 5.8(1) ”
165,11-155,10 151900.325† 14.40 116.0 5.9(1) ”
Wide comp. 2.8±0.4 22.8±1.5 0.92 22.3±1.1
Narrow comp. 5.2±0.1 6.8±0.4 1.65 12.0±1.3
167,10-157,9 151915.867 12.90 167.7 4.7(1,4) 1.39(2)
167,9-157,8 151915.867† 12.90 167.7 4.7(1,4) ”
3.4±0.2 11.2±0.7 1.32 15.8±2.0
164,13-154,12 151933.610 15.00 96.6 5.2(1) 1.32(2)
164,12-154,11 151936.853 15.00 96.6 5.6(1,15) 1.86(2)
168,9-158,8 151944.551 12.00 200.0 4.6(1) 1.17(2)
168,8-158,7 151944.551† 12.00 200.0 4.6(1) ”
4.5±0.4 8±1 1.16 9.4±1.3
169,8-159,7 151982.261 10.90 236.5 5.4(1) 0.78(2)
169,7-159,6 151982.261† 10.90 236.5 5.4(1) ”
163,14-153,13 151986.766 15.40 81.4 6.4(1,15) 1.55(2)
1610,7-1510,6 152027.504 9.75 277.2 5.2(1) 0.42(2)
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
1610,6-1510,5 152027.504† 9.75 277.2 5.2(1) ”
Wide comp. 4.6±0.3 13.7±0.6 0.30 4.3±0.2
Narrow comp. 5.4±0.2 3.4±2.9 0.21 0.77±0.08
1611,6-1511,5 152079.419 8.44 322.1 6.1(1,15) 0.52(2)
1611,5-1511,4 152079.419† 8.44 322.1 6.1(1,15) ”
163,13-153,12 152125.551 15.40 81.5 4.3(1) 0.76(2)
4.3±0.6 8±2 0.71 5.8±1.0
1612,4-1512,3 152137.474 7.00 371.2 (19) ...
1612,5-1512,4 152137.474† 7.00 371.2 (19) ...
1613,4-1513,3 152201.310 5.44 424.3 7.7(1) 0.10(2)
1613,3-1513,2 152201.310† 5.44 424.3 7.7(1) ”
1614,2-1514,1 152270.670 3.75 481.6 7.6(1,20) 0.19(2)
1614,3-1514,2 152270.670† 3.75 481.6 7.6(1,20) ”
162,14-152,13 153518.939 15.70 71.0 7.9(1,15) 5.21(2)
161,15-151,14 154724.532 15.90 65.4 4.4(1) 1.49(2)
Wide comp. 2.6±0.4 20±2 0.51 10.80±0.09
Narrow comp. 4.52±0.15 7.0±0.3 0.71 7.7±0.5
171,17-161,16 156718.805 16.90 70.0 5.2(1) 1.78(2)
Wide comp. 2.4±0.2 16.2±5 1.01 17.3±0.5
Narrow comp. 5.42±0.10 4.6±0.3 1.42 4.3±0.4
170,17-160,16 158657.430 17.00 69.0 5.2(1) 1.58(2)
Wide comp. 3.69±0.11 15.8±0.3 0.81 13.7±0.2
Narrow comp. 5.31±0.05 4.76±0.15 1.15 4.1±0.2
172,16-162,15 160758.759 16.80 78.2 2.5(1,14,21) 2.86(2)
176,12-166,11 161397.025 14.90 147.5 3.9(1,22) 3.35(2)
176,11-166,10 161397.026† 14.90 147.5 3.9(1,22) ”
175,13-165,12 161402.555 15.50 123.7 4.7(1,12,19) 4.02(2)
175,12-165,11 161402.622† 15.50 123.7 4.8(1,12,19) ”
177,11-167,10 161412.366 14.10 175.5 1.7(1,15) 4.33(2)
177,10-167,9 161412.366† 14.10 175.5 1.7(1,15) ”
178,10-168,9 161441.232 13.20 207.8 2.0(1) 2.84(2)
178,9-168,8 161441.232† 13.20 207.8 2.0(1) ”
174,14-164,13 161445.370† 16.10 104.3 5.7(1) ”
174,13-164,12 161450.349 16.10 104.3 4.9(1,12,19,23) 3.57(2)
179,8-169,7 161480.200 12.20 244.3 (12,19) ...
179,9-169,8 161480.200† 12.20 244.3 (12,19) ...
173,15-163,14 161502.266 16.50 89.2 4.6(1,12,19) 2.44(2)
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
1710,7-1610,6 161527.483 11.10 285.0 5.8(1) 1.05(2)
1710,8-1610,7 161527.483† 11.10 285.0 5.8(1) ”
1711,6-1611,5 161582.059 9.88 329.9 (12,19) ...
1711,7-1611,6 161582.059† 9.88 329.9 (12,19) ...
1712,5-1612,4 161643.294 8.53 378.9 6.7(1,15,22) 1.04(2)
1712,6-1612,5 161643.294† 8.53 378.9 6.7(1,15,22) ”
173,14-163,13 161689.756 16.50 89.2 5.8(1) 2.42(2)
1713,5-1613,4 161710.767 7.06 432.1 (19) ...
1713,4-1613,3 161710.767† 7.06 432.1 (19) ...
1714,3-1614,2 161784.177 5.47 489.3 (10,15) ...
1714,4-1614,3 161784.177† 5.47 489.3 (10,15) ...
1715,3-1615,2 161863.300 3.76 550.6 (12,24) ...
1715,2-1615,1 161863.300† 3.76 550.6 (12,24) ...
1716,1-1616,0 161947.954 1.94 615.9 (12) ...
1716,2-1616,1 161947.954† 1.94 615.9 (12) ...
172,15-162,14 163298.003 16.80 78.8 4.72(1) 1.67(2)
Wide comp. 1.5±0.6 23±2 0.49 11.7±0.7
Narrow comp. 4.87±0.11 6.4±0.3 0.68 8.3±0.6
171,16-161,15 164287.213 16.90 73.3 4.9(1) 1.15(2)
4.3±0.4 14±1 1.05 15.7±1.1
181,18-171,17 165866.442 17.90 77.9 4.8(1) 1.67(2)
Wide comp. 0.6±0.4 14.2±0.7 0.58 8.7±0.5
Narrow comp. 5.09±0.09 5.8±0.2 1.12 7.0±0.4
180,18-170,17 167728.433 18.00 77.1 4.4(1) 1.89(2)
Wide comp. 3.8±0.6 30±2 0.77 24.5±1.1
Narrow comp. 4.44±0.14 5.8±0.4 1.18 7.2±0.7
182,17-172,16 170150.275 17.80 86.4 4.9(1) 1.49(2)
186,13-176,12 170895.752 16.00 155.7 5.2(1) 1.80(2)
186,12-176,11 170895.752† 16.00 155.7 5.2(1) ”
185,14-175,13 170906.356 16.60 131.9 5.2(1) 2.29(2)
185,13-175,12 170906.470† 16.60 131.9 5.4(1) ”
187,12-177,11 170909.180† 15.30 183.7 6.5(1) ”
187,11-177,10 170909.180† 15.30 183.7 6.5(1) ”
188,11-178,10 170937.936 14.40 216.0 5.2(1) 1.06(2)
188,10-178,9 170937.936† 14.40 216.0 5.2(1) ”
Wide comp. 3.1±0.4 11.3±0.9 0.60 7.2±0.6
Narrow comp. 5.4±0.2 3.8±0.6 0.61 2.4±0.6
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
184,15-174,14 170959.809 17.10 112.5 5.5(1) 1.25(2)
Wide comp. 4.7±0.4 9.34±0.9 0.94 9.3±0.8
Narrow comp. 5.8±0.4 3.0±0.6 0.36 1.1±0.9
184,14-178,13 170967.260 17.10 112.5 5.7(1) 1.25(2)
Wide comp. 4.2±0.2 11.9±0.7 1.00 12.7±0.5
Narrow comp. 5.87±0.10 2.1±0.9 0.43 0.9±0.2
189,9-179,8 170977.963 13.50 252.5 5.1(1) 0.83(2)
189,10-179,9 170977.963† 13.50 252.5 5.1(1) ”
Wide comp. 5.2±0.6 20±3 0.43 9.0±0.5
Narrow comp. 5.1±0.3 5.0±0.6 0.44 2.3±0.4
183,16-173,15 171018.334 17.50 97.4 5.1(1) 1.33(2)
Wide comp. 2.3±0.4 19.2±0.4 0.57 11.67±0.05
Narrow comp. 5.27±0.12 4.9±0.2 0.80 4.16±0.13
1810,8-1710,7 171027.145 12.40 293.2 5.8(1,15,20) 1.03(2)
1810,9-1710,8 171027.145† 12.40 293.2 5.8(1,15,20) ”
1811,7-1711,6 171084.275 11.30 338.1 5.5(1) 0.61(2)
1811,8-1711,7 171084.275† 11.30 338.1 5.5(1) ”
1812,6-1712,5 171148.610 10.00 387.1 5.4(1) 0.41(2)
1812,7-1712,6 171148.610† 10.00 387.1 5.4(1) ”
5.34±0.14 6.7±0.4 0.37 1.80±0.13
1813,6-1713,5 171219.655 8.61 440.3 6.1(1) 0.30(2)
1813,5-1713,4 171219.655† 8.61 440.3 6.1(1) ”
183,15-173,14 171266.971 17.50 97.4 4.7(1) 1.73(2)
1814,4-1714,3 171297.064 7.11 497.6 (25) 0.59(2)
1814,5-1714,4 171297.064† 7.11 497.6 (25) ”
182,16-172,15 173092.853 17.80 87.1 4.3(1,14) 3.22(2)
181,17-171,16 173827.600 17.90 87.1 4.8(1) 2.04(2)
4.88±0.15 8.9±0.4 1.96 18.6±0.6
191,19-181,18 175004.679 18.90 86.3 5.2(1,26) 2.82(2)
190,19-180,18 176774.998 19.00 85.6 4.9(1) 2.66(2)
Wide comp. 2.6±0.7 29±2 0.74 23.1±1.3
Narrow comp. 4.91±0.12 5.7±0.4 1.96 11.9±1.0
212,20-202,19 198258.130 20.80 113.6 2.7(1,12) 6.30(2)
216,16-206,15 199396.979 19.30 183.0 4.7(1) 2.25(2)
216,15-206,14 199396.985† 19.30 183.0 4.7(1) ”
217,15-207,14 199401.677 18.70 211.0 5.1(1) 2.45(2)
217,14-207,13 199401.677† 18.70 211.0 5.1(1) ”
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
215,17-205,16 199427.807 19.80 159.3 4.3(1) 3.12(2)
218,14-208,13 199428.187† 18.00 243.3 4.8(1) ”
218,13-208,12 199428.187† 18.00 243.3 4.8(1) ”
215,16-205,15 199428.271† 19.80 159.3 5.0(1) ”
Wide comp. 6.9±0.6 28±1 0.84 25.2±0.9
Narrow comp. 4.61±0.09 6±2 2.34 16.9±0.3
219,12-209,11 199470.082 17.10 279.8 5.4(1) 1.43(2)
219,13-209,12 199470.082† 17.10 279.8 5.4(1) ”
Wide comp. 6.5±0.8 16±2 0.48 8.1±1.2
Narrow comp. 5.3±0.3 5.9±0.5 0.94 5.9±0.4
214,18-204,17 199519.754 20.20 139.9 5.1(1) 1.78(2)
2110,11-2010,10 199524.026† 16.20 320.6 5.9(1) 1.45(2)
2110,12-2010,11 199524.026† 16.20 320.6 5.9(1) ”
214,17-204,16 199541.735 20.20 139.9 4.49(1) 1.57(2)
4.8±0.5 7±1 1.61 12.3±1.8
213,19-203,18 199563.913 20.60 124.8 3.0(1,12) 2.15(2)
2111,10-2011,9 199588.127 15.20 365.5 4.4(1,27) 1.11(2)
2111,11-2011,10 199588.127† 15.20 365.5 4.4(1,27) ”
2112,9-2012,8 199661.227 14.10 414.5 (28) ...
2112,10-2012,9 199661.227† 14.10 414.5 (28) ...
2113,9-2013,8 199742.571 13.00 467.7 5.6(1) 0.31(2)
2113,8-2013,7 199742.571† 13.00 467.7 5.6(1) ”
5.1±0.11 4.9±0.2 0.30 1.60±0.08
2114,7-2014,6 199831.637 11.70 525.0 3.3(1) 0.17(2)
2114,8-2014,7 199831.637† 11.70 525.0 3.3(1) ”
3.2±0.3 6.0±0.8 0.17 1.11±0.12
2115,7-2015,6 199928.042 10.30 586.3 (14) ...
2115,6-2015,5 199928.042† 10.30 586.3 (14) ...
2116,5-2016,4 200031.489 8.81 651.6 8.9(1,24) 0.26(2)
2116,6-2016,5 200031.489† 8.81 651.6 8.9(1,24) ”
213,18-203,17 200091.591 20.60 124.9 4.4(1) 1.28(2)
4.8±0.5 4.6±0.3 1.25 12.3±1.8
2117,5-2017,4 200141.740 7.24 720.9 (29) ...
2117,4-2017,3 200141.740† 7.24 720.9 (29) ...
2118,3-2018,2 200258.593 5.57 794.1 (30) ...
2118,4-2018,3 200258.593† 5.57 794.1 (30) ...
2119,3-2019,2 200381.872 3.81 871.2 (18) ...
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2119,2-2019,1 200381.872† 3.81 871.2 (18) ...
211,20-201,19 202294.697 20.90 109.4 8.9(1,12,31) 8.05(2)
211,22-201,21 202364.585 21.90 114.2 (15,31) ...
212,19-202,18 202529.816 20.80 114.9 5.1(1,19) 2.00(2)
220,22-210,21 203804.119 22.00 113.6 4.5(1) 1.34(2)
222,21-212,20 207603.687 21.80 123.5 5.0(1) 1.44(2)
Wide comp. 2.1±0.5 14.1±0.9 0.56 8.4±0.8
Narrow comp. 5.16±0.10 5.1±0.3 0.96 5.2±0.5
226,17-216,16 208899.214 20.40 193.0 4.5(1) 3.54(2)
226,16-216,15 208899.224† 20.40 193.0 4.5(1) ”
227,16-217,15 208899.917† 19.80 221.1 5.5(1) ”
227,15-217,14 208899.917† 19.80 221.1 5.5(1) ”
228,15-218,14 208924.983 19.10 253.3 4.7(1) 1.76(2)
228,14-218,13 208924.983† 19.10 253.3 4.7(1) ”
4.6±0.3 8.2±0.7 1.66 14.4±1.0
225,18-215,17 208938.580 20.90 169.3 4.2(1) 2.84(2)
225,17-215,16 208939.288† 20.90 169.3 5.2(1) ”
Wide comp. 4.3±0.4 28±1 0.86 25.8±0.9
Narrow comp. 4.72±0.06 6.68±0.11 2.06 14.64±0.12
229,14-219,13 208967.027 18.30 289.9 5.0(1) 1.82(2)
229,13-219,12 208967.027† 18.30 289.9 5.0(1) ”
2210,13-2110,12 209022.220 17.50 330.6 6.5(1,15) 2.53(2)
2210,12-2110,11 209022.220† 17.50 330.6 6.5(1,15) ”
224,19-214,18 209045.330 21.30 149.9 5.3(1) 1.81(2)
224,18-214,17 209075.744 21.30 149.9 4.2(1) 3.06(2)
223,20-213,19 209075.924† 21.60 134.8 4.5(1) ”
4.5±0.2 8.3±0.7 2.90 25.73±3.2
2211,11-2111,10 209088.393 16.50 375.5 5.6(1) 0.82(2)
2211,12-2111,11 209088.393† 16.50 375.5 5.6(1) ”
5.5±0.2 6.6±0.6 0.71 5.0±0.5
2212,11-2112,10 209164.223 15.50 424.6 5.4(1) 0.68(2)
2212,10-2112,9 209164.223† 15.50 424.6 5.4(1) ”
5±2 7±2 0.68 5.3±0.6
2213,9-2113,8 209248.848 14.30 477.7 (15,29) ...
2213,10-2113,9 209248.848† 14.30 477.7 (15,29) ...
2214,8-2114,7 209341.677 13.10 535.0 5.3(1) 0.33(2)
2214,9-2114,8 209341.677† 13.10 535.0 5.3(1) ”
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
5.5±0.3 7.0±0.8 0.35 2.6±0.3
2215,8-2115,7 209442.278 11.80 596.3 6.4(1) 0.44(2)
2215,7-2115,6 209442.278† 11.80 596.3 6.4(1) ”
2216,6-2116,5 209550.319 10.40 661.7 (24) ...
2216,7-2116,6 209550.319† 10.40 661.7 (24) ...
2217,6-2117,5 209665.534 8.86 730.9 2.9(1) 0.15(2)
2217,5-2117,4 209665.534† 8.86 730.9 2.9(1) ”
223,19-213,18 209735.857 21.60 134.9 3.3(1,32) 4.25(2)
2218,4-2118,3 209787.701 7.27 804.2 4.9(1,33) 0.10(2)
2218,5-2118,4 209787.701† 7.27 804.2 4.9(1,33) ”
231,23-221,22 211467.095 22.90 124.3 4.9(1) 1.65(2)
Wide comp. 3.3±0.4 13±1 0.77 5.0±1.0
Narrow comp. 5.14±0.12 5.1±0.5 0.92 10.6±1.0
221,21-211,20 211725.503 21.90 119.6 5.0(1) 1.61(2)
222,20-212,19 212344.665 21.80 125.1 5.0(1) 1.81(2)
Wide comp. 1.7±0.3 16.4±0.7 0.61 10.7±0.5
Narrow comp. 5.14±0.06 5.3±0.2 1.29 7.3±0.4
230,23-220,22 212788.735 23.00 123.8 7.9(1) 1.89(2)
Wide comp. 3.5±0.2 21.1±0.7 0.73 16.4±0.4
Narrow comp. 5.00±0.04 5.5±0.2 1.20 7.1±0.3
232,22-222,21 216936.717 22.80 133.9 4.9(1) 2.60(2)
4.8±0.3 6.6±0.8 2.63 18.4±2.0
237,17-227,16 218398.555 20.90 231.5 5.5(1) 4.02(2)
237,16-227,15 218398.555† 20.90 231.5 5.5(1) ”
236,18-226,17 218402.434† 21.40 203.5 5.7(1) 3.97(2)
236,17-226,16 218402.450† 21.40 203.5 5.7(1) ”
238,16-228,15 218421.801 20.20 263.8 4.6(1) 2.20(2)
238,15-228,14 218421.801† 20.20 263.8 4.6(1) ”
4.5±0.2 8.1±0.6 2.07 17.7±1.0
235,19-225,18 218451.297 21.90 179.8 4.1(1) 4.18(2)
235,18-225,17 218452.356† 21.90 179.8 5.6(1) ”
239,15-229,14 218463.739 19.50 300.3 5.7(1,15) 3.67(2)
239,14-229,13 218463.739† 19.50 300.3 5.7(1,15) ”
2310,14-2210,13 218519.999 18.70 341.1 5.2(1) 1.59(2)
2310,13-2210,12 218519.999† 18.70 341.1 5.2(1) ”
5.22±0.14 6.6±0.4 1.52 10.6±0.6
234,20-224,19 218573.646 22.30 160.4 4.7(1) 2.46(2)
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
4.4±0.1 7.6±0.3 2.83 19.8±0.8
233,21-223,20 218585.071 22.60 145.3 3.8(1,15) 2.95(2)
2311,13-2211,12 218588.108† 17.70 386.0 8.0(1,15) ”
2311,12-2211,11 218588.108† 17.70 386.0 8.0(1,15) ”
234,19-224,18 218615.091 22.30 160.4 5.1(1) 2.32(2)
Wide comp. 1.3±0.5 17.6±0.9 0.62 11.6±0.6
Narrow comp. 5.14±0.06 5.6±0.2 1.86 11.0±0.6
2312,11-2212,10 218666.563 16.70 435.1 5.2(1) 0.68(2)
2312,12-2212,11 218666.563† 16.70 435.1 5.2(1) ”
5.35±0.08 5.1±0.2 0.64 3.5±0.2
2313,11-2213,10 218754.388 15.70 488.2 (34) ...
2313,10-2213,9 218754.388† 15.70 488.2 (34) ...
2314,9-2214,8 218850.914 14.50 545.5 (35) ...
2314,10-2214,9 218850.914† 14.50 545.5 (35) ...
2315,9-2215,8 218955.656 13.20 606.8 7.7(1,36) 0.49(2)
2315,8-2215,7 218955.656† 13.20 606.8 7.7(1,36) ”
2316,7-2216,6 219068.245 11.90 672.2 6.8(1) 0.20(2)
2316,8-2216,7 219068.245† 11.90 672.2 6.8(1) ”
2317,7-2217,6 219188.385 10.40 741.5 (35) ...
2317,6-2217,5 219188.385† 10.40 741.5 (35) ...
2318,5-2218,4 219315.831 8.91 814.7 (19) ...
2318,6-2218,5 219315.831† 8.91 814.7 (19) ...
233,20-223,19 219400.584 22.60 145.5 4.9(1) 2.70(2)
2319,5-2219,4 219450.372 7.30 891.8 (12,14,37) ...
2319,4-2219,3 219450.372† 7.30 891.8 (12,14,37) ...
2320,3-2220,2 219591.822 5.61 972.7 (15,18) ...
2320,4-2220,3 219591.822† 5.61 972.7 (12,22) ...
241,24-231,23 220561.393 23.90 134.9 4.7(1) 2.52(2)
4.84±0.12 6.4±0.2 2.41 16.5±1.0
231,22-221,21 221123.857 22.90 130.2 5.1(1) 2.10(2)
5.25±0.07 6.7±0.2 1.73 12.3±0.2
240,24-230,23 221766.034 24.00 134.5 5.5(1) 2.73(2)
232,21-222,20 222153.496 22.80 135.7 4.9(1) 2.78
4.84±0.11 7.3±0.1 2.82 22.0±0.5
242,23-232,22 226256.880 23.80 144.8 5.0(1) 3.04(2)
247,18-237,17 227897.606 22.00 242.5 4.8(1) 2.91(2)
247,17-237,16 227897.607† 22.00 242.5 4.8(1) ”
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
4.8±0.2 7.7±0.6 2.87 23.5±1.5
246,19-236,18 227906.682 22.50 214.5 5.1(1) 3.47(2)
246,18-236,17 227906.708† 22.50 214.5 5.1(1) ”
5.0±0.2 8.6±0.5 3.32 30.3±1.5
248,17-238,16 227918.642 21.30 274.8 5.2(1) 2.53(2)
248,16-238,15 227918.642† 21.30 274.8 5.2(1) ”
5.2±0.2 6.6±0.5 2.48 17.5±1.1
249,15-239,14 227960.206 20.60 311.3 5.3(1) 2.33(2)
249,16-239,15 227960.206† 20.60 311.3 5.3(1) ”
5.9±0.4 7±1 2.06 14.7±2.5
245,20-235,19 227966.030 23.00 190.7 3.2(1,32) 4.68(2)
245,19-235,18 227967.587† 23.00 190.7 5.2(1,32) ”
2410,15-2310,14 228017.342 19.80 352.0 4.9(1) 1.71(2)
2410,14-2310,13 228017.342† 19.80 352.0 4.9(1) ”
5.1±0.1 6.5±0.3 1.63 13.3±0.4
2411,13-2311,12 228087.246 19.00 396.9 1.3(1) 3.14(2)
2411,14-2311,13 228087.246† 19.00 396.9 1.3(1) ”
243,22-233,21 228090.536† 23.60 156.2 5.7(1) ”
Wide comp. 3.5±0.4 17±1 1.36 24.7±0.6
Narrow comp. 6.2±0.2 6.8±0.3 1.90 13.8±0.6
244,21-234,20 228104.613 23.30 171.3 5.1(1) 2.69(2)
5.02±0.12 6.6±0.3 2.61 18.4±0.9
244,20-234,19 228160.304 23.30 171.4 5.2(1) 2.71(2)
5.12±0.06 6.4±0.2 2.62 17.8±0.7
2412,13-2312,12 228168.218 18.00 446.0 6.1(1) 1.39(2)
2412,12-2312,11 228168.218† 18.00 446.0 6.1(1) ”
6.0±0.2 8.1±0.4 1.38 11.9±0.6
2413,11-2313,10 228259.158 17.00 499.2 7.0(1,13) 0.51(2)
2413,12-2313,11 228259.158† 17.00 499.2 7.0(1,13) ”
2414,10-2314,9 228359.312 15.80 556.5 6.5(1,15) 0.55(2)
2414,11-2314,10 228359.312† 15.80 556.5 6.5(1,15) ”
2415,10-2315,9 228468.138 14.60 617.8 6.8(1,8) 0.59(2)
2415,9-2315,8 228468.138† 14.60 617.8 6.8(1,8) ”
2416,8-2316,7 228585.226 13.30 683.1 5.3(1) 0.18(2)
2416,9-2316,8 228585.226† 13.30 683.1 5.3(1) ”
5.5±0.6 6±1 0.17 1.1±0.2
2417,8-2317,7 228710.250 12.00 752.4 4.6(1,13,24) 0.29(2)
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2417,7-2317,6 228710.250† 12.00 752.4 4.6(1,13,24) ”
2418,6-2318,5 228842.939 10.50 825.7 7.6(1) 0.14(2)
2418,7-2318,6 228842.939† 10.50 825.7 7.6(1) ”
2419,6-2319,5 228983.064 8.96 902.8 (14,27) ...
2419,5-2319,4 228983.064† 8.96 902.8 (14,27) ...
243,21-233,20 229087.047 23.60 156.5 5.0(1) 2.64(2)
Wide comp. 2.7±0.2 17.4±0.4 0.94 17.5±0.4
Narrow comp. 5.02±0.05 5.2±0.05 1.79 10.0±0.4
2420,4-2320,3 229130.421 7.33 983.7 (11) ...
2420,5-2320,4 229130.421† 7.33 983.7 (11) ...
2421,4-2321,3 229284.829 5.63 1068.5 (12) ...
2421,3-2321,2 229284.829† 5.63 1068.5 (12) ...
251,25-241,24 229647.837 24.90 145.9 4.7(1) 1.21(2)
5.15±0.07 7.3±0.2 1.10 8.6±0.2
241,23-231,22 230487.936 23.90 141.3 (38) ...
250,25-240,24 230738.555 25.00 145.5 4.8(1) 1.35(2)
Wide comp. 2.0±0.6 21±2 0.48 10.5±0.4
Narrow comp. 4.88±0.15 5.4±0.4 0.94 5.4±0.6
242,22-232,21 231952.330 23.80 146.8 4.5(1) 0.55(2)
4.5±0.2 5.7±0.5 0.57 3.5±0.3
252,24-242,23 235563.881 24.80 156.1 5.1(1) 1.96(2)
Wide comp. 3.8±0.4 16.84±0.13 0.12 9.6±0.6
Narrow comp. 5.22±0.07 5.4±0.2 1.39 7.9±0.4
257,19-247,18 237397.088 23.00 253.9 5.0(1,15) 1.88(2)
257,18-247,17 237397.088† 23.00 253.9 5.0(1,15) ”
4.51±0.13 6.8±0.2 1.77 12.8±0.2
256,20-246,20 237411.999 23.60 225.9 5.0(1) 2.28(2)
256,19-246,18 237412.040† 23.60 225.9 5.0(1) ”
258,18-248,17 237415.503† 22.40 286.2 8.6(1) ”
258,17-248,16 237415.503† 22.40 286.2 8.6(1) ”
259,17-249,16 237456.417 21.80 322.7 5.2(1) 1.14(2)
259,16-249,15 237456.417† 21.80 322.7 5.2(1) ”
4.9±0.2 7.5±0.7 1.05 8.4±0.8
255,21-245,20 237482.851 24.00 202.1 3.7(1) 1.96(2)
255,20-245,19 237485.102† 24.00 202.1 6.6(1) ”
2510,15-2410,14 237514.230 21.00 363.4 6.4(1,23) 1.07(2)
2510,16-2410,15 237514.230† 21.00 363.4 6.4(1,23) ”
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2511,15-2411,14 237585.782 20.20 408.3 5.7(1) 0.76(2)
2511,14-2411,13 237585.782† 20.20 408.3 5.7(1) ”
5.91±0.07 4.8±0.2 0.58 3.0±0.2
253,23-243,22 237591.475 24.60 167.6 6.0(1) 1.49(2)
254,22-244,21 237638.100 24.40 182.8 5.2(1) 1.30(2)
2512,13-2412,12 237669.158 19.20 457.4 5.5(1) 0.47(2)
2512,14-2412,13 237669.158† 19.20 457.4 5.5(1) ”
5.55±0.09 5.6±0.3 0.45 2.72±0.12
254,21-244,20 237711.970 24.40 182.8 5.0(1,13,27) 1.47(2)
2513,12-2413,11 237763.122 18.20 510.6 6.7(1) 0.81(2)
2513,13-2413,12 237763.122† 18.20 510.6 6.7(1) ”
5.2±0.2 9.16±0.12 0.74 7.1±0.2
2514,12-2414,11 237866.833 17.20 567.9 5.7(1) 0.39(2)
2514,11-2414,10 237866.833† 17.20 567.9 5.7(1) ”
5.7±0.4 10±1 ” 3.8±0.4
2515,11-2415,10 237979.684 16.00 629.2 (10) ...
2515,10-2415,9 237979.684† 16.00 629.2 (10) ...
2516,9-2416,8 238101.222 14.80 694.6 6.2(1) 0.16(2)
2516,10-2416,9 238101.222† 14.80 694.6 6.2(1) ”
2517,9-2417,8 238231.086 13.40 763.9 (24) ...
2517,8-2417,7 238231.086† 13.40 763.9 (24) ...
2518,7-2418,6 238368.981 12.00 837.1 (20) ...
2518,8-2418,7 238368.981† 12.00 837.1 (20) ...
2519,7-2419,6 238514.655 10.60 914.2 (39) ...
2519,6-2419,5 238514.655† 10.60 914.2 (39) ...
2520,5-2420,4 238667.890 9.00 995.2 (5) ...
2520,6-2420,5 238667.890† 9.00 995.2 (5) ...
261,26-251,25 238726.808 25.90 157.4 4.9(1) 3.04(2)
Wide comp. 3.0±0.3 15.4±0.8 1.25 20.5±1.1
Narrow comp. 5.05±0.08 4.8±0.2 1.85 9.5±0.8
253,22-243,22 238796.291 24.60 167.4 5.5(1,40) 2.59(2)
2521,5-2421,4 238828.488 7.36 1079.9 (24,41) ...
2521,4-2421,3 238828.488† 7.36 1079.9 (24,41) ...
260,26-250,25 239708.391 26.00 157.1 5.3(1) 2.75(2)
251,24-241,23 239816.141 24.90 152.8 5.4(1) 3.53(2)
5.4±0.2 6.5±0.5 3.43 23.6±2.1
252,23-242,22 241737.559 24.80 158.5 5.0(1) 3.64(2)
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
Wide comp. 0.7±0.5 18±2 1.35 25.9±1.3
Narrow comp. 5.15±0.09 5.4±0.2 2.52 14.6±1.1
262,25-252,24 244857.473 25.80 167.9 5.0(1) 3.40(2)
Wide comp. 2.7±0.2 19.2±0.8 1.16 23.7±0.8
Narrow comp. 5.11±0.06 5.3±0.2 2.31 13.0±0.6
267,20-257,19 246897.015 24.10 265.7 5.1(1) 3.11(2)
267,19-257,18 246897.016† 24.10 265.7 5.1(1) ”
5.0±0.3 11±1 2.84 33.8±2.8
268,19-258,18 246912.384 23.50 298.0 5.2(1,15) 9.52(2)
268,18-258,17 246912.384† 23.50 298.0 5.2(1,15) ”
266,21-256,20 246918.428 24.60 237.7 0.9(1,42) 6.42(2)
266,20-256,19 246918.491† 24.60 237.7 1.0(1,42) ”
269,18-259,17 246952.358 22.90 334.5 4.8(1) 1.86(2)
269,17-259,16 246952.358† 22.90 334.5 4.8(1) ”
Wide comp. 4.19±0.15 9.0±0.4 1.11 11.0±0.5
Narrow comp. 5.32±0.14 4.2±0.2 0.84 3.7±0.2
265,22-255,21 247001.823 25.00 214.0 2.1(1) 3.54(2)
265,21-255,20 247005.027† 25.00 214.0 6.0(1) 3.54(2)
5.0±0.3 11±1 3.31 32.7±0.6
2610,17-2510,16 247010.642 22.20 375.3 6.7(1) 2.64(2)
2610,16-2510,15 247010.642† 22.20 375.3 6.7(1) ”
2611,16-2511,15 247083.689 21.30 420.2 1.3(1,10) 1.72(2)
2611,15-2511,14 247083.689† 21.30 420.2 1.3(1,10) ”
263,24-253,23 247087.032† 25.70 179.5 5.4(1,10) ”
2612,15-2512,14 247169.351 20.50 469.9 4.6(1,8) 0.96(2)
2612,14-2512,13 247169.351† 20.50 469.9 4.6(1,8) ”
264,23-254,22 247173.930† 25.40 194.6 4.6(1,8) 1.68(2)
2613,14-2513,13 247266.248 19.50 522.5 0.2(1,14) 1.54(2)
2613,13-2513,12 247266.248† 19.50 522.5 0.2(1,14) ”
264,22-254,21 247270.744† 25.40 194.6 5.3(1,14) ”
2614,12-2514,11 247373.441 18.50 579.8 6.2(1) 0.38(2)
2614,13-2514,12 247373.441† 18.50 579.8 6.2(1) ”
5.20±0.2 7.9±0.5 0.37 3.2±0.2
2615,12-2515,11 247490.256 17.30 641.1 8.4(1,43) 0.52(2)
2615,11-2515,10 247490.256† 17.30 641.1 8.4(1,43) ”
2616,10-2516,9 247616.191 16.20 706.5 (8) ...
2616,11-2516,10 247616.191† 16.20 706.5 (8) ...
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2617,10-2517,9 247750.851 14.90 775.8 5.8(1,43,44) 0.53(2)
2617,9-2517,8 247750.851† 14.90 775.8 5.8(1,43,44) ”
271,27-261,26 247798.704 27.00 169.3 5.0(1) 1.44(2)
Wide comp. 3.0±0.2 14.8±0.5 0.89 14.0±0.5
Narrow comp. 5.18±0.12 4.3±0.4 0.61 2.8±0.4
2618,8-2518,7 247893.912 13.50 849.0 7.6(1,43) 0.42(2)
2618,9-2518,8 247893.912† 13.50 849.0 7.6(1,43) ”
2619,8-2519,7 248045.102 12.10 926.1 (12) ...
2619,7-2519,6 248045.102† 12.10 926.1 (12) ...
2620,6-2520,5 248204.182 10.60 1007.1 4.9(1) 0.11(2)
2620,7-2520,6 248204.182† 10.60 1007.1 4.9(1) ”
263,23-253,22 248529.049 25.70 179.9 4.8(1,9) 3.21(2)
270,27-260,26 248677.191 27.00 169.0 3.8(1,15,27) 6.29(2)
261,25-251,24 249107.178 25.90 164.7 4.1(1,19,24) 4.29(2)
262,24-252,23 251505.957 25.90 170.5 (1,11,12,23) ...
272,26-262,25 254137.458 26.80 180.1 5.2(1) 1.57(2)
277,21-267,20 256397.404 25.20 278.0 5.9(1,12) 3.67(2)
277,20-267,19 256397.406† 25.20 278.0 5.9(1,12) ”
278,20-268,19 256409.285 24.60 310.3 5.9(1) 1.17(2)
278,19-268,18 256409.285† 24.60 310.3 5.9(1) ”
5.2±0.4 6±1 0.96 6.7±1.7
276,22-266,21 256426.012 13.40 250.0 4.9(1) 1.23(2)
276,21-266,20 256426.109† 13.40 250.0 5.1(1) ”
Wide comp. 2.41±0.13 12±1 0.51 6.3±0.2
Narrow comp. 5.4±0.2 5.4±0.3 0.83 4.8±0.4
279,19-269,18 256448.017 24.00 346.8 6.2(1,11) 1.33(2)
279,18-269,17 256448.017† 24.00 346.8 6.2(1,11) ”
2710,17-2610,16 256506.558 23.30 387.6 6.1(1,11) 1.28(2)
2710,18-2610,17 256506.558† 23.30 387.6 6.1(1,11) ”
275,23-265,22 256523.004 26.10 226.3 0.7(1) 0.99(2)
275,22-265,21 256527.502† 26.10 226.3 6.0(1) ”
4.13±0.14 11.1±0.4 1.03 12.3±0.3
273,25-263,24 256576.342 26.70 191.8 4.3(1) 1.53(2)
2711,16-2611,15 256580.941† 22.50 432.5 8.3(1) ”
2711,17-2611,16 256580.941† 22.50 432.5 8.3(1) ”
4.3±0.4 7.2±0.9 1.54 11.9±1.4
2712,15-2612,14 256668.769 21.70 481.6 4.7(1,10) 1.74(2)
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2712,16-2612,15 256668.769† 21.70 481.6 4.7(1,10) ”
274,24-264,23 256711.878 26.40 206.9 5.3(1) 1.16(2)
Wide comp. 3.6±0.2 10.0±0.3 0.64 6.8±0.4
Narrow comp. 5.64±0.07 4.2±0.2 0.51 2.2±0.3
2713,15-2613,14 256768.502 20.70 534.8 5.5(1) 0.42(2)
2713,14-2613,13 256768.502† 20.70 534.8 5.5(1) ”
274,23-264,22 256837.352 26.40 207.0 5.1(1) 1.14(2)
4.5±0.4 11±1 1.09 12.9±1.2
281,28-271,27 256863.926 28.00 181.6 (45) ...
2714,13-2614,12 256879.099† 19.70 592.1 (45) ...
2714,14-2614,13 256879.099† 19.70 592.1 (45) ...
2715,13-2615,12 256999.814 18.70 653.4 (46) ...
2715,12-2615,11 256999.814† 18.70 653.4 (46) ...
2716,11-2616,10 257130.093 17.50 718.8 (15,31) ...
2716,12-2616,11 257130.093† 17.50 718.8 (15,31) ...
2717,11-2617,10 257269.502 16.30 788.1 (15,47) ...
2717,10-2617,9 257269.502† 16.30 788.1 (15,47) ...
2718,9-2618,8 257417.690 15.00 861.4 (10,37) ...
2718,10-2618,9 257417.690† 15.00 861.4 (10,37) ...
2719,9-2619,8 257574.358 13.60 938.5 (48) ...
2719,8-2619,7 257574.358† 13.60 938.5 (48) ...
280,28-270,27 257646.199 28.00 181.4 5.2(1) 0.87(2)
Wide comp. 3.31±0.14 12.8±0.5 0.46 6.24±0.12
Narrow comp. 5.19±0.08 4.2±0.2 0.40 1.8±0.2
273,24-263,23 258285.654 26.70 192.2 (49) ...
271,26-261,25 258360.147 26.90 177.1 5.0(1) 1.11(2)
5.06±0.12 7.9±0.3 1.01 8.5±0.3
272,25-262,24 261254.670 26.90 183.1 5.0(1) 5.18(2)
282,27-272,26 263403.693 27.80 192.7 4.0(1,14) 4.18(2)
287,22-277,21 265898.270 26.30 290.8 (50) ...
287,21-277,20 265898.272† 26.30 290.8 (50) ...
288,21-278,20 265906.203† 25.70 323.1 (50) ...
288,20-278,19 265906.203† 25.70 323.1 (50) ...
291,29-281,28 265922.880 29.00 194.4 6.5(1) 2.41(2)
286,23-276,22 265934.792 26.70 262.8 6.1(1) 1.97(2)
286,22-276,21 265934.936† 26.70 262.8 6.2(1) ”
289,20-279,19 265943.383 25.10 359.6 5.7(1) 1.11(2)
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
289,19-279,18 265943.383† 25.10 359.6 5.7(1) ”
2810,19-2710,18 266001.959 24.40 400.3 5.7(1) 0.71(2)
2810,18-2710,17 266001.959† 24.40 400.3 5.7(1) ”
Wide comp. 2.8±0.4 11.9±0.6 0.44 5.6±0.4
Narrow comp. 6.03±0.13 3.6±0.3 0.32 1.3±0.2
285,24-275,23 266046.445 27.10 239.1 5.0(1,19) 2.49(2)
285,23-275,22 266052.678 24.10 239.1 5.0(1) 2.49(2)
283,26-273,25 266058.547 27.70 204.6 6.0(1,19) 2.35(2)
2811,18-2711,17 266077.512 23.70 445.3 6.2(1,5,22) 0.82(2)
2811,17-2711,16 266077.512† 23.70 445.3 6.2(1,5,22) ”
2812,17-2712,16 266167.379 22.90 494.4 (8,51) ...
2812,16-2712,15 266167.379† 22.90 494.4 (8,51) ...
284,25-274,24 266251.665 27.40 219.7 5.2(1,5) 1.85(2)
2813,16-2713,15 266269.851 22.00 547.6 7.3(1,52) 1.77(2)
2813,15-2713,14 266269.851† 22.00 547.6 7.3(1,52) ”
2814,14-2714,13 266383.771 21.00 604.9 6.3(1,13) 0.55(2)
2814,15-2714,14 266383.771† 21.00 604.9 6.3(1,13) ”
284,24-274,23 266412.597 27.40 219.7 4.9(1,14) 1.86(2)
2815,14-2715,13 266508.320 20.00 666.2 6.6(1) 0.25(2)
2815,13-2715,12 266508.320† 20.00 666.2 6.6(1) ”
290,29-280,28 266616.301 29.00 194.1 4.7(1) 2.10(2)
4.8±0.2 6.4±0.5 1.96 13.4±2.1
2816,12-2716,11 266642.887 18.90 731.6 5.0(1) 0.28(2)
2816,13-2716,12 266642.887† 18.90 731.6 5.0(1) ”
2817,12-2717,11 266786.998 17.70 800.9 4.1(1) 0.20(2)
2817,11-2717,10 266786.998† 17.70 800.9 4.1(1) ”
2818,10-2718,9 266940.269 16.40 874.2 (30) ...
2818,11-2718,10 266940.269† 16.40 874.2 (30) ...
2819,10-2719,9 267102.379 15.10 951.3 (11) ...
2819,9-2719,8 267102.379† 15.10 951.3 (11) ...
2820,8-2720,7 267273.050 13.70 1032.3 (9)∗∗ ...
2820,9-2720,8 267273.050† 13.70 1032.3 (9)∗∗ ...
2821,8-2721,7 267452.036 12.30 1117.0 (11) ...
2821,7-2721,6 267452.036† 12.30 1117.0 (11) ...
281,27-271,26 267574.631 27.90 190.0 (53) ...
2822,6-2722,5 267639.118 10.70 1205.5 6.1(1,11,13) 0.12(2)
2822,7-2722,6 267639.118† 10.70 1205.5 6.1(1,11,13) ”
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2823,6-2723,5 267834.094 9.11 1297.7 (11) ...
2823,5-2723,4 267834.094† 9.11 1297.7 (11) ...
2824,4-2724,3 268036.784 7.43 1393.6 (11) ...
2824,5-2724,4 268036.784† 7.43 1393.6 (11) ...
283,25-273,24 268065.943 27.70 205.1 5.1(1) 1.58(2)
5.20±0.08 6.2±0.3 1.68 11.1±0.8
282,26-272,25 270981.175 27.90 196.1 5.3(1) 3.13(2)
Wide comp. 5.5±1.1 15±1 1.36 22.1±1.6
Narrow comp. 5.0±1.1 4±1 1.74 8.2±1.6
292,28-282,27 272656.087 28.80 205.8 4.8(1,22) 3.45(2)
301,30-291,29 274975.961 30.00 207.6 5.1(1) 1.54(2)
5.15±0.12 5.8±0.4 1.42 8.7±1.2
297,23-287,22 275399.629 27.30 304.0 3.1(1) 3.07(2)
297,22-287,21 275399.629† 27.30 304.0 3.1(1) ”
298,22-288,21 275403.137† 26.80 336.3 6.9(1) ”
298,21-288,20 275403.137† 26.80 336.3 6.9(1) ”
Wide comp. 3.8±0.3 14.4±0.2 1.06 16.2±0.2
Narrow comp. 5.30±0.09 8.4±0.07 1.95 17.44±0.11
299,21-289,20 275438.443 26.20 372.8 5.8(1) 1.85(2)
299,20-289,19 275438.443† 26.20 372.8 5.8(1) ”
296,24-286,23 275444.809 27.80 276.0 5.2(1) 2.21(2)
296,23-286,22 275445.022† 27.80 276.0 5.2(1) ”
2910,19-2810,18 275496.823 25.60 413.6 6.1(1) 1.58(2)
2910,20-2810,19 275496.823† 25.60 413.6 6.1(1) ”
5.9±0.2 7.3±0.6 1.49 7.2±0.5
293,27-283,26 275532.794 28.70 217.8 5.3(1) 2.01(2)
Wide comp. 3.3±0.4 15.1±0.8 0.82 13.2±0.8
Narrow comp. 5.49±0.08 5.6±0.2 1.20 7.2±0.5
295,25-285,24 275572.188 28.10 252.3 2.1(1,31) 4.35(2)
2911,19-2811,18 275573.378† 24.80 458.5 3.4(1,31) ”
2911,18-2811,17 275573.378† 24.80 458.5 3.4(1,31) ”
295,24-285,23 275580.720 28.10 252.3 5.4(31) 2.80(2)
300,30-290,29 275588.085 30.00 207.4 4.7(1) 3.26(2)
4.8±0.2 6.9±0.6 3.06 22.6±2.4
2912,17-2812,16 275665.153 24.00 507.6 (31) ...
2912,18-2812,17 275665.153† 24.00 507.6 (31) ...
2913,16-2813,15 275770.258 23.20 560.8 (24,31) ...
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Tabla B.1: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2913,17-2813,16 275770.258† 23.20 560.8 (24,31) ...
294,26-284,25 275792.965 28.40 232.9 5.7(1) 2.69(2)
5.3±0.13 8.1±0.4 2.39 20.5±0.8
2914,15-2814,14 275887.420 22.20 618.1 (31) ...
2914,16-2814,15 275887.420† 22.20 618.1 (31) ...
294,25-284,24 275997.358 28.40 233.0 5.5(1,27,54) 1.99(2)
2915,14-2815,13 276015.734 21.20 679.5 3.8(1) 0.49(2)
2915,15-2815,14 276015.734† 21.20 679.5 3.8(1) ”
2916,13-2816,12 276154.531 20.20 744.8 4.4(1) 0.34(2)
2916,14-2816,13 276154.531† 20.20 744.8 4.4(1) ”
2917,13-2817,12 276303.294 19.00 814.2 5.7(1,13) 0.74(2)
2917,12-2817,11 276303.294† 19.00 814.2 5.7(1,13) ”
2918,11-2818,10 276461.606 17.80 887.4 4.7(1,55) 0.23(2)
2918,12-2818,11 276461.606† 17.80 887.4 4.7(1,55) ”
2919,11-2819,10 276629.118 16.60 964.6 (11) ...
2919,10-2819,9 276629.118† 16.60 964.6 (11) ...
291,28-281,27 276750.763 28.90 203.2 6.0(1,12,56) 5.73(2)
2920,9-2820,8 276805.531 15.20 1045.6 (14,17) ...
2920,10-2820,9 276805.531† 15.20 1045.6 (14,17) ...
293,26-283,25 277869.189 28.70 218.4 5.4(1,12) 9.36(2)
Tabla A6. Emission lines of CH2CHCN ground state present in the spectral scan of the Orion-KL from
the radio-telescope of IRAM 30-m. Column 1 indicates the line transition, Col. 2 gives the predicted
frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5 observed radial
velocities relative to the local system rest (vLS R), Col. 6 the line width, Col. 7 main beam temperature,
and Col. 8 shows the area of the line. † blended with the previous line. ∗ noise level. ∗∗ hole in the
observed spectrum.
(1) peak channel line observed velocity. (2) peak channel line intensity. (3) blended with CH3CCH. (4)
blended with 34SO2. (5) blended with t-CH3CH2OH. (6) blended with OC34S. (7) blended with
H13CCCN. (8) blended with CH3OH. (9) blended with CH3COOH 3t=0. (10) blended with 13CH3OH.
(11) blended with U-line. (12) blended with CH3CH2CN. (13) blended with CH2CHCN 315=1. (14)
blended with CH3OCH3. (15) blended with HCOOCH3. (16) blended with H2C34S. (17) blended with
CH3CH213CN. (18) blended with 13CH3CH2CN. (19) blended with CH3CH2CN 313/321. (20) blended
with HCOOCH3 3t=1. (21) blended with 13CH3CN. (22) blended with CH3CH2CN 320=1. (23) blended
with 33SO2. (24) blended with CH2CHCN 311=1. (25) blended with CH3CHO. (26) blended with H33α.
(27) blended with (CH3)2CO. (28) blended with SiS. (28) blended with HCCCN. (30) blended with
SO2. (31) blended with CH3CN. (32) blended with HCCCN 36=1. (33) blended with CH2CHCN
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310/311315. (34) blended with H2CO. (35) blended with HCCCN 37=1. (36) blended with HCOO13CH3.
(37) blended with SO2 32=1. (38) blended with CO. (39) blended with C3H2. (40) blended with
CH313CN. (41) blended with CH2CHCN 311=2. (42) blended with HDCO. (43) blended with HDCS.
(44) blended with H13COOCH3. (45) blended with 34SO. (46) blended with CH3SH. (47) blended with
29SiO. (48) blended with CH3CN 38=1. (49) blended with SO. (50) blended with HCN. (51) blended
with HDO. (52) blended with NO. (53) blended with HCO+. (54) blended with NH2CHO. (55) blended
with CH313CH2CN. (56) blended with CH3OD.
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Tabla B.2: Detected b-type lines of CH2CHCN g.s. .
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
181,17-170,18 95212.208 11.40 81.7 4.95(3) 95212.2 0.03 0.01
201,19-200,20 108813.600 11.40 99.7 3.74 108814.0 0.02 0.01
182,16-181,17 113831.149 14.00 87.1 5.48 113831.0 0.02 0.02
222,20-221,21 114120.970 18.10 125.1 7.75 114019.0 0.04 0.02
150,15-141,14 114596.321 9.22 54.2 5.82(4) 114596.0 0.03 0.01
292,27-291,28 131168.734 22.70 209.5 3.88(5) 131169.2 0.04 0.01
170,17-161,16 136855.602 11.00 69.0 4.75(4) 136855.7 0.05 0.02
131,13-120,12 149952.784 8.11 42.5 5.15(4) 149952.7 0.09 0.03
190,19-181,18 158773.785 13.00 85.6 4.21(4) 158771.7 0.08 0.04
392,37-391,38 199913.795 22.40 369.5 5.41 199913.5 0.02 0.02
201,20-190,19 200364.538 14.20 95.2 6.62 200363.4 0.08 0.06
240,24-231,23 211519.057 18.10 134.5 6.62(4) 211518.4 0.12 0.07
92,8-81,7 212451.692 3.14 29.1 2.94 212453.2 0.05 0.03
291,28-282,27 219722.155 12.00 203.2 5.28(4) 219722.0 0.08 0.03
73,4-72,5 225075.522 3.40 32.2 4.88(4) 225075.6 0.13 0.03
260,26-251,25 231756.775 20.20 157.1 6.55(4) 231755.6 0.23 0.08
203,18-202,19 232100.843 10.60 115.2 5.75 232100.3 0.08 0.06
213,19-212,20 233406.626 11.10 124.8 6.22 233405.7 0.05 0.06
122,11-111,10 234146.112 4.02 44.1 3.41 234147.4 0.05 0.04
273,25-272,26 245056.911 14.10 191.8 6.75(4) 245055.4 0.09 0.05
361,35-360,36 263133.842 10.00 308.4 6.15(4) 263132.8 0.05 0.02
333,31-332,32 264402.882 16.40 275.2 5.15(4) 264402.8 0.10 0.04
301,30-290,29 279591.813 24.40 207.6 5.94(4) 279591.0 0.32 0.10
Tabla A6. Emission b-type lines of CH2CHCN ground state present in the spectral scan of the
Orion-KL from the radio-telescope of IRAM 30-m. Column 1 indicates the line transition, Col. 2 gives
the predicted frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5
observed centroid frequencies, Col. 6 observed radial velocities relatives (vLS R), Col. 7 observed mean
beam temperature, y Col. 8 mean beam temperature obtained with the model. The observed parameters
are shown when the line is not blended with other molecule, moreover, when only calculated parameters
are given means the line can not be fitted like a gaussian or there is some contribution from other
molecule. † blended with the last one.
(1) peak line observed velocity. (2) peak line intensity. (3) blended with 311=1. (4) blended with U-line.
(5) blended with DCOOCH3.
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Tabla B.3: Detected lines of CH2CHCN 311=1 .
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
91,9-81,8 83398.992 8.89 350.6 5.4(1,3) 0.08(2)
90,9-80,8 85167.948 9.00 349.0 5.3(1) 0.03(2)
5.3±0.5 6±1 0.04 0.24±0.04
92,8-82,7 85547.124 8.56 357.5 6.4(1) 0.04(2)
6.6±0.5 8±1 0.03 0.29±0.03
94,6-84,5 85665.793 7.22 383.1 2.8(1) 0.07(2)
94,5-84,4 85665.852† 7.22 383.1 3.0(1) ”
95,5-85,4 85666.957† 6.22 402.3 6.9(1) ”
95,4-85,3 85666.958† 6.22 402.3 6.9(1) ”
4.9±0.5 13±2 0.05 0.73±0.07
96,4-86,3 85676.209 5.00 425.6 2.7(1) 0.03(2)
96,3-86,2 85676.209† 5.00 425.6 2.7(1) ”
93,7-83,6 85678.266† 8.00 368.2 8.1(1) ”
93,6-83,5 85686.710 8.00 368.2 (1,4) ...
97,3-87,2 85690.626† 3.56 453.2 (1,4) ...
97,2-87,1 85690.626† 3.56 453.2 (1,4) ...
98,2-88,1 85709.046 1.89 485.0 3.9(1) 0.02(2)
98,1-88,0 85709.046† 1.89 485.0 3.9(1) ”
92,7-82,6 85987.171 8.56 357.6 4.2(1) 0.04(2)
4.3±0.4 8±1 0.04 0.30±0.03
91,8-81,7 87606.097 8.89 351.6 5.7(1) 0.04(2)
5.6±0.4 7±1 0.04 0.29±0.04
101,10-91,9 92637.415 9.90 335.1 4.3(1) 0.07(2)
100,10-90,9 94516.441 9.99 353.5 4.3(1) 0.05(2)
4.3±0.8 6±2 0.04 0.27±0.06
102,9-92,8 95031.193 9.60 362.1 5.0(1) 0.04(2)
5.0±0.2 6.0±0.3 0.04 0.28±0.02
105,6-95,5 95188.702 7.50 406.8 1.7(1) 0.11(2)
105,5-95,4 95188.703† 7.50 406.8 1.7(1) ”
104,7-94,6 95190.312† 8.40 387.7 6.8(1) ”
104,6-94,5 95190.441† 8.40 387.7 7.2(1) ”
106,5-96,4 95197.445 6.40 430.2 5.2(1) 0.09(2)
106,4-96,3 95197.445† 6.40 430.2 5.2(1) ”
103,8-93,7 95208.542 9.10 372.8 (1,5) ...
107,4-97,3 95212.555 5.10 457.8 6.1(1) 0.04(2)
107,3-97,2 95212.555† 5.10 457.8 6.1(1) ”
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
103,7-93,6 95223.001 9.10 372.8 5.8(1) 0.06(2)
108,3-98,2 95232.437 3.60 489.6 5.8(1,3) 0.04(2)
108,2-98,1 95232.437† 3.60 489.6 5.8(1,3) ”
109,2-99,1 95256.353 1.90 525.6 5.4(1) 0.01(2)
109,1-99,0 95256.353† 1.90 525.6 5.4(1) ”
102,8-92,7 95632.961 9.60 362.2 5.4(1) 0.04(2)
5.4±0.9 6.0±0.3 0.04 0.28±0.07
101,9-91,8 97306.190 9.90 356.3 (6) ...
111,11-101,10 101867.640 10.90 360.0 5.0(1) 0.11(2)
110,11-100,10 103831.228 11.00 358.5 3.2(1,3) 0.16(2)
112,10-102,9 104509.878 10.60 367.1 5.4(1) 0.12(2)
115,7-105,6 104711.453 8.73 411.9 4.8(1) 0.13(2)
115,6-105,5 104711.453† 8.73 411.9 4.8(1) ”
114,8-104,7 104716.735 9.55 392.7 0.3(1,7) 0.18(2)
114,7-104,6 104716.992† 9.55 392.7 0.4(1,7) ”
116,6-106,5 104719.202† 7.73 435.2 6.8(1,7) ”
116,5-106,4 104719.202† 7.73 435.2 6.8(1,7) ”
117,5-107,4 104734.718 6.55 462.8 5.6(1) 0.05(2)
117,4-107,3 104734.718† 6.55 462.8 5.6(1) ”
5.6±0.3 3±1 0.05 0.18±0.05
113,9-103,8 104741.451 10.20 377.8 5.0(1) 0.07(2)
4.9±0.6 5±1 0.06 0.36±0.07
118,3-108,2 104755.879 5.18 494.6 4.4(1) 0.05(2)
118,4-108,3 104755.879† 5.18 494.6 4.4(1) ”
113,8-103,7 104764.911 10.20 377.8 6.3(1) 0.07(2)
119,3-109,2 104781.702 3.64 530.6 6.8(1) 0.04(2)
119,2-109,1 104781.702† 3.64 530.6 6.8(1) ”
112,9-102,8 105305.199 10.60 367.3 (8) ...
111,10-101,9 106994.873 10.90 361.5 5.8(1) 0.08(2)
121,12-111,11 111089.174 11.90 365.3 4.5(1) 0.14(2)
120,12-110,11 113110.705 12.00 363.9 5.5(1,3) 0.14(2)
122,11-112,10 113978.725 11.70 372.6 (9) ...
125,8-115,7 114235.309 9.92 417.3 5.9(1) 0.16(2)
125,7-115,6 114235.313† 9.92 417.3 5.9(1) ”
126,7-116,6 114241.532 9.00 440.7 6.4(1) 0.14(2)
126,6-116,5 114241.532† 9.00 440.7 6.4(1) ”
124,9-114,8 114245.237 10.70 398.2 5.2(1) 0.21(2)
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
124,8-114,7 114245.718† 10.70 398.2 6.4(1) ”
127,6-117,5 114257.139 7.92 468.3 6.3(1) 0.10(2)
127,5-117,4 114257.139† 7.92 468.3 6.3(1) ”
123,10-113,9 114276.932 11.20 383.3 3.7(1,3) 0.18(2)
128,5-118,4 114279.375† 6.67 500.1 7.9(1,3) ”
128,4-118,3 114279.375† 6.67 500.1 7.9(1,3) ”
129,3-119,2 114306.968 5.25 536.1 (3) ...
129,4-119,3 114306.968† 5.25 536.1 (3) ...
123,9-113,8 114313.356 11.20 383.3 4.4(1) 0.14(2)
1210,2-1110,1 114339.256 3.67 576.3 (3) ...
1210,3-1110,2 114339.256† 3.67 576.3 (3) ...
122,10-112,9 115004.755 11.70 372.8 4.5(1) 0.04(2)
140,14-130,13 131561.145 14.00 376.1 4.9(1,10) 0.37(2)
142,13-132,12 132894.527 13.70 384.9 (11) ...
145,10-135,9 133286.733 12.20 429.7 3.6(1) 0.28(2)
145,9-135,8 133286.746† 12.20 429.7 3.6(1) ”
146,9-136,8 133288.114† 11.40 453.1 6.7(1) ”
146,8-136,7 133288.114† 11.40 453.1 6.7(1) ”
5.6±0.3 7.6±0.7 0.28 2.25±0.42
147,8-137,7 133302.844 12.90 480.7 5.6(1) 0.17(2)
147,7-137,6 133302.844† 12.90 480.7 5.6(1) ”
144,11-134,10 133309.134 12.90 410.5 (12) ...
144,10-134,9 133310.584† 12.90 410.5 (12) ...
148,7-138,6 133326.552 9.43 512.5 3.9(1) 0.17(2)
148,6-138,5 133326.552† 9.43 512.5 3.9(1) ”
143,12-133,11 133354.956 13.40 395.6 (13) ...
149,5-139,4 133357.219† 8.21 548.5 (13) ...
149,6-139,5 133357.219† 8.21 548.5 (13) ...
1410,5-1310,4 133393.800 6.86 588.6 6.0(1,3) 0.06(2)
1410,4-1310,3 133393.800† 6.86 588.6 6.0(1,3) ”
143,11-133,10 133434.021 13.40 395.6 5.0(1) 0.19(2)
1411,4-1311,3 133435.705† 5.36 632.9 8.8(1) ”
1411,3-1311,2 133435.705† 5.36 632.9 8.8(1) ”
142,12-132,11 134485.416 13.70 385.2 (9,14) ...
141,13-131,12 135977.055 13.90 379.6 (15) ...
151,15-141,14 138697.984 14.90 384.0 5.0(1) 0.22(2)
150,15-140,14 140732.970 15.00 382.9 5.3(1,9) 0.27(2)
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
152,14-142,13 142338.971 14.70 391.7 (9) ...
156,10-146,9 142812.468 12.60 459.9 (15) ...
156,9-146,8 142812.468† 12.60 459.9 (15) ...
155,11-145,10 142814.497† 13.30 436.5 (15) ...
155,10-145,9 142814.522† 13.30 436.5 (15) ...
157,9-147,8 142826.172 11.70 487.5 6.5(1,16) 0.32(2)
157,8-147,7 142826.172† 11.70 487.5 6.5(1,16) ”
154,12-144,11 142844.832 13.90 417.4 3.3(1) 0.25(2)
154,11-144,10 142847.202† 13.90 417.4 8.2(1) ”
158,7-148,6 142850.241† 10.70 519.3 6.3(1) ”
158,8-148,7 142850.241† 10.70 519.3 6.3(1) ”
159,7-149,6 142882.189 9.60 555.3 (17) ...
159,6-149,5 142882.189† 9.60 555.3 (17) ...
153,13-143,12 142896.960 14.40 402.5 (5,15) ...
1510,6-1410,5 142920.732 8.33 595.5 (5,15) ...
1510,5-1410,4 142920.732† 8.33 595.5 (5,15) ...
1511,4-1411,3 142965.148 6.93 639.8 (15) ...
1511,5-1411,4 142965.148† 6.93 639.8 (15) ...
153,12-143,11 143008.586 1.44 402.5 3.7(1,7) 0.37(2)
152,13-142,12 144264.138 14.70 392.1 (18) ...
151,14-141,13 145604.185 14.90 386.6 (19) ...
161,16-151,15 147881.541 15.90 391.0 4.9(1) 0.34(2)
160,16-150,15 149871.238 16.00 390.1 6.4(1) 0.48(2)
162,15-152,14 151773.646 15.70 399.0 (15) ...
166,11-156,10 152337.597 13.80 467.2 (9) ...
166,10-156,9 152337.597† 13.80 467.2 (9) ...
165,12-155,11 152343.759 14.40 443.8 (9,18) ...
165,11-155,10 152343.805† 14.40 443.8 (9,18) ...
167,10-157,9 152349.848† 12.90 494.8 (9,18) ...
167,9-157,8 152349.848† 12.90 494.8 (9,18) ...
168,8-158,7 152374.002 12.00 526.6 (9) ...
168,9-158,8 152374.002† 12.00 526.6 (9) ...
164,13-154,12 152383.211 15.00 424.7 (9) ...
164,12-154,11 152386.956† 15.00 424.7 (9) ...
169,8-159,7 152407.043 10.90 562.6 (9,18) ...
169,7-159,6 152407.043† 10.90 562.6 (9,18) ...
163,14-153,13 152440.458 15.40 409.8 (9) ...
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
1610,6-1510,5 152447.416† 9.75 602.8 (9) ...
1610,7-1510,6 152447.416† 9.75 602.8 (9) ...
163,13-153,12 152594.382 15.40 409.8 (15) ...
162,14-152,13 154065.377 15.70 899.5 (18) ...
161,15-151,14 155211.430 15.90 394.1 6.9(1,3) 0.29(2)
171,17-161,16 157055.233 16.90 398.6 (11) ...
170,17-160,16 158978.488 17.00 397.7 (11) ...
172,16-162,15 161197.973 16.80 406.7 6.7(1) 0.42(2)
166,12-156,11 161863.551 14.90 475.0 5.4(1,9,20) 0.86(2)
166,11-156,10 161863.551† 14.90 475.0 5.4(1,9,20) ”
177,11-167,10 161873.893 14.10 502.6 3.9(1,3) 0.91(2)
177,10-167,9 161873.893† 14.10 502.6 3.9(1,3) ”
175,13-165,12 161874.616† 15.50 451.6 5.2(1,3) ”
175,12-165,11 161874.696† 15.50 451.6 5.4(1,3) ”
178,10-168,9 161897.839 13.20 534.4 3.2(1,3) 0.36(2)
178,9-168,8 161897.839† 13.20 534.4 3.2(1,3) ”
174,14-164,13 161924.382 16.10 432.5 (18) ...
174,13-164,12 161930.132† 16.10 432.5 (18) ...
179,9-169,8 161931.774† 12.20 570.4 (18) ...
179,8-169,7 161931.774† 12.20 570.4 (18) ...
1710,8-1610,7 161973.833 11.10 610.6 (9) ...
1710,7-1610,6 161973.833† 11.10 610.6 (9) ...
173,15-163,14 161984.970 16.50 417.6 6.1(1) 0.46(2)
1711,7-1611,6 162022.966 9.88 654.9 (21) ...
1711,6-1611,5 162022.966† 9.88 654.9 (21) ...
1712,6-1612,5 162078.538 8.53 703.3 (3,22) ...
1712,5-1612,4 162078.538† 8.53 703.3 (3,22) ...
173,14-163,13 162192.845 16.50 417.6 (9) ...
172,15-162,14 163885.788 16.80 407.4 4.9(1) 0.28(2)
171,16-161,15 164796.787 16.90 402.0 5.2(1) 0.33(2)
181,18-171,17 166219.078 17.90 406.6 5.0(1) 0.26(2)
180,18-170,17 168057.908 18.00 405.7 5.2(1,23) 0.34(2)
182,17-172,16 170611.398 17.80 414.9 (18) ...
186,13-176,12 171390.382 16.00 483.2 5.1(1) 0.37(2)
186,12-176,11 171390.383† 16.00 483.2 5.1(1) ”
187,12-177,11 171398.329 15.30 510.8 3.8(1,24) 0.25(2)
187,11-177,10 171398.329† 15.30 510.8 3.8(1,24) ”
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
185,14-175,13 171407.163 16.60 459.8 6.0(1) 0.45(2)
185,13-175,12 171407.300† 16.60 459.8 6.2(1) ”
188,11-178,10 171421.756 14.40 542.6 6.4(1) 0.24(2)
188,10-178,9 171421.756† 14.40 542.6 6.4(1) ”
189,9-179,8 171456.373 13.50 578.6 4.7(1,25) 0.26(2)
189,10-179,9 171456.373† 13.50 578.6 4.7(1,25) ”
184,15-174,14 171468.439 17.10 440.7 6.0(1,20) 0.39(2)
184,14-174,13 171477.043 17.10 440.7 5.7(1) 0.28(2)
1810,9-1710,8 171499.967 12.40 618.8 (3,26) ...
1810,8-1710,7 171499.967† 12.40 618.8 (3,26) ...
183,16-173,15 171529.936 17.50 425.8 6.2(1) 0.48(2)
1811,7-1711,6 171551.293 11.30 663.1 (7) ...
1811,8-1711,7 171551.293† 11.30 663.1 (7) ...
1812,6-1712,5 171609.602 10.00 696.1 7.1(1) 0.13(2)
1812,7-1712,6 171609.602† 10.00 696.1 7.1(1) ”
1813,6-1713,5 171674.410 8.61 764.0 (3,22) ...
1813,5-1713,4 171674.410† 8.61 764.0 (3,22) ...
1814,4-1714,3 171745.387 7.11 820.6 (9) ...
1814,5-1714,4 171745.387† 7.11 820.6 (9) ...
183,15-173,14 171805.498 17.50 425.9 1.9(1,3,15) 0.40(2)
182,16-172,15 173721.353 17.80 415.7 (27) ...
181,17-171,16 174358.161 17.90 410.4 5.8(1) 0.54(2)
191,19-181,18 175373.171 18.90 415.0 2.4(1) 0.39(2)
190,19-180,18 177113.143 19.00 414.3 (3) ...
212,20-202,19 198781.116 20.80 442.2 5.0(1) 0.21(2)
5.00±0.11 7.5±0.3 0.21 1.70±0.07
217,15-207,14 199974.194 18.70 538.2 2.9(1) 0.48(2)
217,14-207,13 199974.194† 18.70 538.2 2.9(1) ”
216,16-206,15 199976.624† 19.30 510.6 6.6(1) ”
216,15-206,14 199976.631† 19.30 510.6 6.6(1) ”
4.8±0.6 12±1 0.41 5.1±0.5
218,14-208,13 199994.020 18.00 570.1 (18) ...
218,13-208,12 199994.020† 18.00 570.1 (18) ...
215,17-205,16 200015.883 19.80 487.3 4.3(1) 0.30(2)
215,16-205,15 200016.441† 19.80 487.3 5.2(1) ”
4.8±0.6 7.4±0.3 0.33 2.63±0.09
219,13-209,12 200029.290 17.10 606.1 5.6(1,9) 0.23(2)
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
219,12-209,11 200029.290† 17.10 606.1 5.6(1,9) ”
2110,12-2010,11 200076.495 16.20 646.2 4.9(1) 0.14(2)
2110,11-2010,12 200076.495† 16.20 646.2 4.9(1) ”
4.2±1.9 8±2 0.15 1.3±0.2
214,18-204,17 200118.463 20.20 468.1 (27) ...
2111,11-2011,10 200133.665† 15.20 690.6 (27) ...
2111,10-2011,9 200133.665† 15.20 690.6 (27) ...
214,17-204,16 200143.832† 20.20 468.1 (27) ...
213,19-203,18 200160.904 20.60 453.3 (28) ...
2112,10-2012,9 200199.618 14.10 739.0 (12) ...
2112,9-2012,8 200199.618† 14.10 739.0 (12) ...
2113,8-2013,7 200273.599 13.00 791.5 (29) ...
2113,9-2013,8 200273.599† 13.00 791.5 (29) ...
2114,7-2014,6 200355.096 11.70 848.1 4.6(1,22) 0.07(2)
2114,8-2014,7 200355.096† 11.70 848.1 4.6(1,22) ”
2115,7-2015,6 200443.743 10.30 908.7 3.6(1) 0.10(2)
2115,6-2015,5 200443.743† 10.30 908.7 3.6(1) ”
2116,5-2016,4 200539.257 8.81 973.3 (3,30) ...
2116,6-2016,5 200539.257† 8.81 973.3 (3,30) ...
213,18-203,17 200744.718 20.60 453.4 5.1(1,30) 0.34(2)
5.0±0.8 6±2 0.30 1.2±0.8
221,22-211,21 202778.912 21.90 442.9 6.5(1,31) 0.45(2)
211,20-201,19 202876.912 21.90 442.9 (31) ...
212,19-202,18 203272.786 20.80 443.6 6.4(1,10) 0.58(2)
220,22-210,21 204172.450 22.00 442.3 4.8(1) 0.54(2)
222,21-212,20 208145.956 21.80 452.2 5.2(1,32) 0.63(2)
227,16-217,15 209500.406 19.80 548.3 5.1(1) 0.66(2)
227,15-217,14 209500.406† 19.80 548.3 5.1(1) ”
226,17-216,16 209507.453 20.40 547.7 5.5(1) 0.70(2)
226,16-216,15 209507.465† 20.40 547.7 5.6(1) ”
228,15-218,14 209518.290 19.10 580.1 (11) ...
228,14-218,13 209518.290† 19.10 580.1 (11) ...
229,14-219,13 209553.274 18.30 616.1 1.5(1,20) 1.11(2)
229,13-219,12 209553.274† 18.30 616.1 1.5(1,20) ”
225,18-215,17 209556.118† 20.90 497.3 5.6(1,20) ”
225,17-215,16 209556.969† 20.90 497.3 6.8(1,20) ”
2210,12-2110,11 209601.321 17.50 656.3 5.7(1) 0.26(2)
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2210,13-2110,12 209601.321† 17.50 656.3 5.7(1) ”
2211,11-2111,10 209660.173 16.50 685.2 7.5(1,3) 0.38(2)
2211,12-2111,11 209660.173† 16.50 685.2 7.5(1,3) ”
224,19-214,18 209674.444 21.30 478.2 5.8(1,3) 0.76(2)
223,20-213,19 209700.725 21.60 463.3 3.3(1,7) 0.78(2)
224,18-214,17 209709.541 21.30 478.2 4.9(1,3) 0.71(2)
2212,10-2112,9 209728.470 15.50 749.0 (20,33) ...
2212,11-2112,10 209728.470† 15.50 749.0 (20,33) ...
2213,10-2113,9 209805.348 14.30 801.6 (34) ...
2213,9-2113,8 209805.348† 14.30 801.6 (34) ...
2214,8-2114,7 209890.223 13.10 858.1 (3) ...
2214,9-2114,8 209890.223† 13.10 858.1 (3) ...
2215,8-2115,7 209982.678 11.80 918.8 (12) ...
2215,7-2115,6 209982.678† 11.80 918.8 (12) ...
2216,6-2116,5 210082.396 10.40 983.4 (3) ...
2216,7-2116,6 210082.396† 10.40 983.4 (3) ...
2217,6-2117,5 210189.118 8.86 1051.9 (3) ...
2217,5-2117,4 210189.118† 8.86 1051.9 (3) ...
223,19-213,18 210430.281 21.60 463.5 (15) ...
231,23-221,22 211896.252 22.90 453.0 5.6(1) 0.25(2)
221,21-211,20 212320.150 21.90 448.4 (35) ...
222,20-212,19 213122.236 21.80 453.8 6.2(1,24) 0.63(2)
230,23-220,22 213169.019 23.00 452.6 5.2(1) 0.57(2)
232,22-222,21 217497.586 22.80 462.6 6.1(1,36) 0.80(2)
237,17-227,16 219027.114 20.90 558.8 5.2(1) 0.52(2)
237,16-227,15 219027.114† 20.90 558.8 5.2(1) ”
5.2±0.2 6.5±0.5 0.51 3.6±0.2
236,18-226,17 219039.405 21.40 531.2 5.8(1,3) 0.98(2)
236,17-226,16 219039.426† 21.40 531.2 5.8(1,3) ”
238,16-228,15 219042.656† 20.20 590.6 7.7(1,3) ”
238,15-228,14 219042.656† 20.20 590.6 7.7(1,3) ”
239,15-229,14 219077.080 19.50 626.6 6.9(1,3) 0.61(2)
239,14-229,13 219077.080† 19.50 626.6 6.9(1,3) ”
235,19-225,18 219098.494 21.90 507.8 4.3(1) 0.72(2)
235,18-225,17 219099.767† 21.90 666.8 6.0(1) ”
2310,14-2210,13 219125.777 18.70 666.8 5.9(1) 0.36(2)
2310,13-2210,12 219125.777† 18.70 711.1 5.9(1) ”
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2311,13-2211,12 219186.165 17.70 711.1 (20) ...
2311,12-2211,11 219186.165† 17.70 711.1 (20) ...
234,20-224,19 219233.332 22.30 488.7 (7,37) ...
233,21-223,20 219237.245† 22.60 473.9 (7,37) ...
2312,11-2212,10 219256.697 16.70 759.6 (7,15) ...
2312,12-2212,11 219256.697† 16.70 759.6 (7,15) ...
234,19-224,18 219281.147 22.30 488.7 (29) ...
2313,10-2213,9 219336.385 15.70 812.1 (36) ...
2313,11-2213,10 219336.385† 15.70 812.1 (36) ...
2314,10-2214,9 219424.569 14.50 868.7 6.8(1) 0.10(2)
2314,9-2214,8 219424.569† 14.50 868.7 6.8(1) ”
2315,9-2215,8 219520.776 13.20 929.3 (9) ...
2315,8-2215,7 219520.776† 13.20 929.3 (9) ...
2316,7-2216,6 219624.649 11.90 993.9 (24,38) ...
2316,8-2216,7 219624.649† 11.90 993.9 (24,38) ...
2317,7-2217,6 219735.902 10.40 1062.5 (39) ...
2317,6-2217,5 219735.902† 10.40 1062.5 (39) ...
2318,5-2218,4 219854.286 8.91 1134.9 (3) ...
2318,6-2218,5 219854.286† 8.91 1134.9 (3) ...
2319,5-2219,4 219979.574 7.30 1211.3 (11,24) ...
2319,4-2219,3 219979.574† 7.30 1211.3 (11,24) ...
2320,3-2220,2 220111.544 5.61 1291.5 4.6(1) 0.02(2)
2320,4-2220,3 220111.544† 5.61 1291.5 4.6(1) ”
233,20-223,19 220137.954 22.60 474.0 6.4(1) 0.35(2)
5.63±0.08 5.6±0.2 0.35 2.05±0.13
241,24-231,23 221005.220 23.90 463.6 4.4(1) 0.54(2)
231,22-221,21 221728.966 22.90 459.0 (21) ...
240,24-230,23 222159.276 24.00 463.2 (40) ...
232,21-222,20 222963.571 22.80 464.5 6.4(1,3) 0.86(2)
242,23-232,22 226835.665 23.80 473.5 6.6(1,41) 0.96(2)
247,18-237,17 228554.339 22.00 569.8 5.0(1) 0.46(2)
247,17-237,16 228554.339† 22.00 569.8 5.0(1) ”
4.6±0.2 7.8±0.5 0.47 3.9±0.2
248,17-238,16 228567.121 21.30 601.6 5.4(1) 0.40(2)
248,16-238,15 228567.121† 21.30 601.6 5.4(1) ”
246,19-236,18 228572.529 22.50 542.2 4.3(1,27) 0.78(2)
246,18-236,17 228572.562† 22.50 542.2 4.3(1,27) ”
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
249,16-239,15 228600.701 20.60 637.6 5.2(1) 0.26(2)
249,15-239,14 228600.701† 20.60 637.6 5.2(1) ”
4.73±0.06 6.0±0.2 0.27 1.75±0.05
245,20-235,19 228643.093 23.00 518.8 (15) ...
245,19-235,18 228644.963† 23.00 518.8 (15) ...
2410,15-2310,14 228649.844† 19.80 677.8 (15) ...
2410,14-2310,13 228649.844† 19.80 677.8 (15) ...
2411,13-2311,12 228711.619 19.00 706.7 6.4(1,20,25) 0.30(2)
2411,14-2311,13 228711.619† 19.00 706.7 6.4(1,20,25) ”
243,22-233,21 228769.580 23.60 484.8 5.4(1) 0.46(2)
5.14±0.12 7.9±0.3 0.45 3.78±0.13
2412,13-2312,12 228784.270 18.00 755.2 4.1(1) 0.25(2)
2412,12-2312,11 228784.270† 18.00 755.2 4.1(1) ”
244,21-234,20 228795.015 23.30 499.7 2.6(1,9) 0.79(2)
244,20-234,19 228859.248 23.30 499.7 (42,43) ...
2413,12-2313,11 228866.679 17.00 823.1 (42,43) ...
2413,11-2313,10 228866.679† 17.00 823.1 (42,43) ...
2414,10-2314,9 228958.097 15.80 879.7 6.7(1) 0.10(2)
2414,11-2314,10 228958.097† 15.80 879.7 6.7(1) ”
6.4±0.3 3.3±0.5 0.08 0.28±0.04
2415,10-2315,9 229057.997 14.60 940.3 (7) ...
2415,9-2315,8 229057.997† 14.60 940.3 (7) ...
2416,8-2316,7 229165.977 13.30 1004.9 (3) ...
2416,9-2316,8 229165.977† 13.30 1004.9 (3) ...
2417,8-2317,7 229281.717 12.00 1073.5 (9) ...
2417,7-2317,6 229281.717† 12.00 1073.5 (9) ...
243,21-233,20 229869.001 23.60 485.1 (13) ...
251,25-241,24 230106.215 24.90 474.7 1.7(1,3,44) 0.28(2)
241,23-231,22 231101.166 23.30 470.1 4.4(1) 0.62(2)
250,25-240,24 231145.708 25.00 474.3 6.1(1,45) 1.10(2)
242,22-232,21 232792.721 23.80 475.7 (9) ...
252,24-242,23 236159.904 24.80 484.9 6.2(1,46) 1.09(2)
257,19-247,18 238082.101 23.00 581.2 6.0(1,47) 0.78(2)
257,18-247,17 238082.102† 23.00 581.2 6.0(1,47) ”
258,18-248,17 238091.686 22.40 613.0 5.4(1) 0.67(2)
258,17-248,16 238091.686† 22.40 613.0 5.4(1) ”
256,20-246,19 238106.874 23.60 553.6 5.7(1) 0.80(2)
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
256,19-246,18 238106.926† 23.60 553.6 5.7(1) ”
259,17-249,16 238124.127 21.80 649.0 6.5(1) 0.36(2)
259,16-249,15 238124.127† 21.80 649.0 6.5(1) ”
2510,15-2410,14 238173.505 21.00 689.2 6.4(1,16,24) 0.28(2)
2510,16-2410,15 238173.505† 21.00 689.2 6.4(1,16,24) ”
255,21-245,20 238189.989 24.00 530.2 6.6(1,15) 0.86(2)
255,20-245,19 238192.692† 24.00 530.2 8.0(1,15) ”
2511,14-2411,13 238236.510 20.20 718.1 6.4(1,20) 0.51(2)
2511,15-2411,14 238236.510† 20.20 718.1 6.4(1,20) ”
253,23-243,22 238296.823 24.60 496.3 4.9(1) 0.49(2)
4.5±0.2 7.1±0.4 0.52 4.0±0.2
2512,13-2412,12 238311.160 19.20 782.0 (3) ...
2512,14-2412,13 238311.160† 19.20 782.0 (3) ...
254,22-244,21 238359.333 24.40 511.1 4.2(1,37) 0.51(2)
2513,13-2413,12 238396.196 18.20 834.5 (3,48) ...
2513,12-2413,11 238396.196† 18.20 834.5 (3,48) ...
254,21-244,20 238444.506 24.40 511.1 5.2(1) 0.54(2)
5.2±0.2 6.3±0.6 0.54 3.6±0.4
2514,11-2414,10 238490.776 17.20 891.1 ∗∗ ...
2514,12-2414,11 238490.776† 17.20 891.1 ∗∗ ...
2515,11-2415,10 238594.305 16.00 951.7 4.9(1,20,49) 0.17(2)
2515,10-2415,9 238594.305† 16.00 951.7 4.9(1,20,49) ”
2516,9-2416,8 238706.338 14.80 1016.4 (3) ...
2516,10-2416,9 238706.338† 14.80 1016.4 (3) ...
2517,9-2417,8 238826.522 13.40 1084.9 (3,22) ...
2517,8-2417,7 238826.522† 13.40 1084.9 (3,22) ...
261,26-251,25 239199.654 25.90 486.2 4.1(1) 0.87(2)
253,22-243,21 239624.398 24.60 496.6 (31) ...
260,26-250,25 240130.312 26.00 485.9 5.4(1,18) 0.87(2)
251,24-241,23 240435.183 24.90 481.7 (9) ...
252,23-242,22 242606.029 24.80 487.3 (50) ...
262,25-252,24 245470.066 25.80 496.6 (15) ...
267,20-257,19 247610.422 24.10 593.1 (11) ...
267,19-257,18 247610.423† 24.10 593.1 (11) ...
268,19-258,18 247616.355† 23.50 624.9 (11) ...
268,18-258,17 247616.355† 23.50 624.9 (11) ...
266,21-256,20 247642.489 24.60 565.5 3.8(1) 0.46(2)
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
266,20-256,19 247642.568† 24.60 565.5 3.9(1) ”
3.8±0.4 5±2 0.47 2.6±0.5
269,18-259,17 247647.348 22.90 660.9 4.0(1) 0.30(2)
269,17-259,16 247647.348† 22.90 660.9 4.0(1) ”
2610,17-2510,16 247696.741 22.20 701.1 (15,51) ...
2610,16-2510,15 247696.741† 22.20 701.1 (15,51) ...
265,22-255,21 247739.253 25.00 542.1 2.6(1) 0.46(2)
265,21-255,20 247743.100† 25.00 542.1 7.3(1) ”
2611,16-2511,15 247760.814 21.30 730.0 3.3(1) 0.22(2)
2611,15-2511,14 247760.814† 21.30 730.0 3.3(1) ”
263,24-253,23 247818.057 25.70 508.2 6.1(1) 0.29(2)
2612,15-2512,14 247837.339 20.50 793.9 (11) ...
2612,14-2512,13 247837.339† 20.50 793.9 (11) ...
2613,13-2513,12 247924.904 19.50 846.4 (15) ...
2613,14-2513,13 247924.904† 19.50 846.4 (15) ...
264,23-254,22 247926.076† 25.40 523.0 (15) ...
2614,13-2514,12 248022.566 18.50 903.0 (46) ...
2614,12-2514,11 248022.566† 18.50 903.0 (46) ...
264,22-254,21 248037.665 25.40 523.1 (9) ...
2615,11-2515,10 248129.661 17.30 963.6 (3) ...
2615,12-2515,11 248129.661† 17.30 963.6 (3) ...
2616,10-2516,9 248245.694 16.20 1028.3 (7,52) ...
2616,11-2516,10 248245.694† 16.20 1028.3 (7,52) ...
271,27-261,26 248285.965 26.90 498.1 (11) ...
270,27-260,26 249114.622 27.00 497.8 (18,20) ...
263,23-253,22 249404.734 25.70 508.6 2.7(1,53) 1.44(2)
261,25-251,24 249729.833 25.90 493.7 (5,54) ...
262,24-252,23 252400.254 25.90 499.4 6.3(1) 0.51(2)
5.1±0.2 9.2±0.6 0.48 4.7±0.4
272,26-262,25 254765.969 26.80 508.9 5.4(1,20) 0.72(2)
277,21-267,20 257139.320 25.20 605.4 ∗∗ ...
277,20-267,19 257139.322† 25.20 605.4 ∗∗ ...
278,20-268,19 257141.130† 24.60 637.3 ∗∗ ...
278,19-268,18 257141.130† 24.60 637.3 ∗∗ ...
279,19-269,18 257170.354 24.00 673.3 5.7(1) 0.36(2)
279,18-269,17 257170.354† 24.00 673.3 5.7(1) ”
6.1±0.2 5.5±0.4 0.21 1.21±0.12
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
276,22-266,21 257179.420 25.70 577.8 3.2(1) 0.42(2)
276,21-266,20 257179.541† 25.70 577.8 3.2(1) ”
2710,17-2610,16 257219.534 23.30 713.5 (15) ...
2710,18-2610,17 257219.534† 23.30 713.5 (15) ...
2711,17-2611,16 257284.506 22.50 757.8 (55) ...
2711,16-2611,15 257284.506† 22.50 757.8 (55) ...
275,23-265,22 257290.945† 26.10 554.5 (55) ...
275,22-265,21 257296.345† 26.10 554.5 (55) ...
273,25-263,24 257332.363 26.70 520.5 (10,56) ...
2712,15-2612,14 257362.777 21.70 806.2 (10,56) ...
2712,16-2612,15 257362.777† 21.70 806.2 (10,56) ...
281,28-271,27 257365.583† 28.00 510.4 (10,56) ...
2713,14-2613,13 257452.770 20.70 858.8 (31,55) ...
2713,15-2613,14 257452.770† 20.70 858.8 (31,55) ...
274,24-264,23 257494.978 26.40 535.4 (3) ...
2714,13-2614,12 257553.432 19.70 915.4 5.6(1) 0.24(2)
2714,14-2614,13 257553.432† 19.70 915.4 5.6(1) ”
274,23-264,22 257639.544 26.40 535.4 5.5(1) 0.70(2)
2715,13-2615,12 257664.026 18.70 976.0 5.0(1,20) 0.31(2)
2715,12-2615,11 257664.026† 18.70 976.0 5.0(1,20) ”
280,28-270,27 258099.756 28.00 510.2 5.8(1) 0.31(2)
5.8±0.3 8±1 0.32 2.7±0.3
2719,9-2619,8 258196.275 13.60 1258.1 (12,25) ...
2719,8-2619,7 258196.275† 13.60 1258.1 (12,25) ...
271,26-261,25 258984.408 26.90 506.1 5.0(1) 1.00(2)
273,24-263,23 259210.108 26.70 521.0 5.4(1) 0.39(2)
272,25-262,24 262172.537 26.90 512.0 6.1(1) 0.87(2)
282,27-272,26 264047.491 27.80 521.5 5.4(1) 0.53(2)
5.2±0.14 8.6±0.3 0.54 4.90±0.15
291,29-281,28 266438.936 29.00 523.2 4.9(1,24) 0.51(2)
288,21-278,20 266666.012 25.70 650.0 4.0(1,13) 1.50(2)
288,20-278,19 266666.012† 25.70 650.0 4.0(1,13) ”
287,22-277,21 266666.816† 26.30 618.2 7.1(1,13) ”
287,21-277,20 266666.819† 26.30 618.2 7.1(1,13) ”
289,20-279,19 266693.135 25.10 686.1 5.2(1,9) 1.17(2)
289,19-279,18 266693.135† 25.10 686.1 5.2(1,9) ”
286,23-276,22 266717.718 26.70 590.6 5.9(1,10) 0.74(2)
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
286,22-276,21 266717.898† 26.70 590.6 6.1(1,10) ”
2810,18-2710,17 266741.867 24.40 726.3 6.1(1) 0.35(2)
2810,19-2710,18 266741.867† 24.40 726.3 6.1(1) ”
2811,18-2711,17 266807.562 23.70 755.2 5.7(1,3) 0.56(2)
2811,17-2711,16 266807.562† 23.70 755.2 5.7(1,3) ”
283,26-273,25 266838.828 27.70 533.3 (11) ...
285,24-275,23 266845.120† 27.10 567.3 (11) ...
285,23-275,22 266852.601† 27.10 567.3 (11) ...
2812,17-2712,16 266887.445 22.90 803.6 6.6(1) 0.16(2)
2812,16-2712,15 266887.445† 22.90 803.6 6.6(1) ”
2813,16-2713,15 266979.761 22.00 871.6 4.7(1,51) 0.51(2)
2813,15-2713,14 266979.761† 22.00 871.6 4.7(1,51) 0.51(2)
284,25-274,24 267065.719 27.40 548.2 (35) ...
2814,15-2714,14 267083.340 21.00 928.2 1.5(1,3) 0.38(2)
2814,14-2714,13 267083.340† 21.00 928.2 1.5(1,3) ”
290,29-280,28 267086.476† 29.00 523.0 5.0(1) 0.44(2)
2815,13-2715,12 267197.364 20.00 988.8 (57) ...
2815,14-2715,13 267197.364† 20.00 988.8 (57) ...
284,24-274,23 267251.050 27.40 548.3 6.0(1) 0.39(2)
2816,12-2716,11 267321.228 18.90 1053.5 ∗∗ ...
2816,13-2716,12 267321.228† 18.90 1053.5 ∗∗ ...
2817,12-2717,11 267454.462 17.70 1122.1 (3,20,22) ...
2817,11-2717,10 267454.462† 17.70 1122.1 (3,18,41) ...
281,27-271,26 268198.768 27.90 519.0 6.2(1,58) 0.55(2)
283,25-273,24 269040.038 27.70 533.9 (9,14) ...
282,26-272,25 271920.354 27.90 525.1 (3) ...
292,28-282,27 273314.573 28.80 534.7 7.2(1,59) 0.39(2)
301,30-291,29 275506.446 30.00 536.4 3.5(1,3) 1.03(2)
300,30-290,29 276075.253 30.00 536.3 6.5(1) 1.03(2)
298,22-288,21 276191.004 26.80 663.3 5.3(1) 0.54(2)
298,21-288,20 276191.004† 26.80 663.3 5.3(1) ”
5.8±0.2 6.4±0.3 0.26 3.8±0.2
297,23-287,22 276198.931 27.30 631.5 7.8(1) 0.50(2)
297,22-287,21 276198.935† 27.30 631.5 7.8(1) ”
299,21-289,20 276215.682 26.20 699.3 6.2(1) 0.51(2)
299,20-289,19 276215.682† 26.20 699.3 6.2(1) ”
5.8±0.2 8.1±0.4 0.38 3.31±0.15
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Tabla B.3: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
296,24-286,23 276257.429 27.80 603.9 9.0(1,29) 0.75(2)
296,23-286,22 276257.429† 27.80 603.9 9.0(1,29) ”
2910,20-2810,19 276263.719 25.60 739.5 3.5(1) 0.26(2)
2910,19-2810,18 276263.719† 25.60 739.5 3.5(1) ”
2911,19-2811,18 276329.957 24.80 783.9 (3) ...
2911,18-2811,17 276329.957† 24.80 783.9 (3) ...
293,27-283,26 276336.557 28.70 546.6 6.5(1) 0.86(2)
295,25-285,24 276401.818 28.10 580.6 (31,35,60) ...
2912,17-2812,16 276411.314 24.00 816.9 3.4(1,31) 0.77(2)
2912,18-2812,17 276411.314† 24.00 816.9 3.4(1,31) ”
295,24-285,23 276412.057† 28.10 580.6 4.0(1,31) ”
2913,16-2813,15 276505.844 23.20 884.9 (9,18) ...
2913,17-2813,16 276505.844† 23.20 884.9 (9,18) ...
2914,16-2814,15 276612.253 22.20 941.5 (23) ...
2914,15-2814,14 276612.253† 22.20 941.5 (23) ...
294,26-284,25 276637.919 28.40 561.5 5.1(1) 0.40(2)
2915,15-2815,14 276729.635 21.20 1002.1 (22,24) ...
2915,14-2815,13 276729.635† 21.20 1002.1 (22,24) ...
2916,13-2816,12 276857.327 20.20 1066.8 (29,36,46) ...
2916,14-2816,13 276857.327† 20.20 1066.8 (29,36,46) ...
294,25-284,24 276873.178 28.40 561.5 6.4(1,46) 0.58(2)
2917,13-2817,12 276994.811 19.00 1135.4 (7) ...
2917,12-2817,11 276994.811† 19.00 1135.4 (7) ...
2918,11-2818,10 277141.663 17.80 1207.9 (3) ...
2918,12-2818,11 277141.663† 17.80 1207.9 (3) ...
2919,11-2819,10 277297.513 16.60 1284.3 (3) ...
2919,10-2819,9 277297.513† 16.60 1284.3 (3) ...
291,28-281,27 277373.414 28.90 532.3 5.9(1) 0.91(2)
293,26-283,25 278893.388 28.70 547.3 (61) ...
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Tabla A6. Emission lines of CH2CHCN 311=1 present in the spectral scan of the Orion-KL from the
radio-telescope of IRAM 30-m. Column 1 indicates the line transition, Col. 2 gives the predicted
frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5 observed radial
velocities relative to the local system rest (vLS R), Col. 6 the line width, Col. 7 main beam temperature,
and Col. 8 shows the area of the line. † blended with the previous line. ∗∗ hole in the observed
spectrum.
(1) peak channel line observed velocity. (2) peak channel line intensity. (3) blended with U-line. (4)
blended with H+ (H 42α). (5) blended with 13CH3OH. (6) blended with OCS. (7) blended with
(CH3)2CO. (8) blended with H 49β. (9) blended with CH3CH2CN. (10) blended with 33SO2. (11)
blended with CH3OH. (12) blended with CH3OCH3. (13) blended with O13CS. (14) blended with
CH3CH2CN 320=1. (15) blended with HCOOCH3. (16) blended with CH313CH2CN. (17) blended with
13CH3CN. (18) blended with CH3CH2CN 313/321. (19) blended with H2CO. (20) blended with
CH2CHCN. (21) blended with 34SO2. (22) blended with CH2CHCN 310/311315. (23) blended with
HCOO13CH3. (24) blended with H13COOCH3. (25) blended with CH2CHCN 315=1. (26) blended with
29SiO. (27) blended with HCCCN ν=0. (28) blended with H2CCO. (29) blended with SO2. (30)
blended with CH2CHCN 311=2. (31) blended with CH3CN 38=1. (32) blended with CH2CH13CN. (33)
blended with HCCCN 36=1. (34) blended with H2CCC. (35) blended with NH2CHO. (36) blended with
|g+-g−|-CH3CH2OH. (37) blended with SO17O. (38) blended with CCCS. (39) blended with HNCO.
(40) blended with CH3CCH. (41) blended with HCC13CN 36=1. (42) blended with HCCCN 37=2. (43)
blended with HDCO. (44) blended with CH3OD. (45) blended with H213CS. (46) blended with
CH3CH213CN. (47) blended with 34S18O. (48) blended with CH3COOH 3t=0. (49) blended with
HCCCN 37=3. (50) blended with CH2DCCH. (51) blended with SO18O. (52) blended with O13C34S.
(53) blended with HNC18O. (54) blended with CH3C15N. (55) blended with CH3CN. (56) blended with
CH313CN. (57) blended with SO. (58) blended with 13CH2CHCN. (59) blended with HDCS. (60)
blended with H2C33S. (61) blended with H2CS.
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Tabla B.4: Detected lines of CH2CHCN 311=2 .
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
91,9-81,8 83586.209 8.89 680.0 (3,4) ...
90,9-80,8 85384.841 8.99 678.3 6.8(1) 0.02(2)
6.8±1.8 4±2 0.02 0.06±0.04
92,8-82,7 85787.036 8.56 686.8 (5) ...
95,5-85,4 85909.768 6.22 730.9 8.4(1,6) 0.02(2)
95,4-85,3 85909.769† 6.22 730.9 8.4(1,6) ”
94,6-84,5 85910.556† 7.22 712.0 6.9(1,6) ”
94,5-84,4 85910.556† 7.22 712.0 6.9(1,6) ”
93,7-83,6 85925.250 8.00 697.3 (5) ...
93,6-83,5 85934.580 8.00 697.3 (6) ...
92,7-82,6 86254.865 8.56 686.9 (6) ...
91,8-81,7 87894.325 8.89 681.0 (7) ...
101,10-91,9 92843.810 9.90 684.4 3.7(1) 0.02(2)
100,10-90,9 94750.528 9.99 682.9 2.8(1) 0.02(2)
102,9-92,8 95296.506 9.60 691.4 7.9(1) 0.01(2)
7.9±0.2 7.2±0.5 0.01 0.07±0.01
105,6-95,5 95458.792 7.50 735.5 (6) ...
105,5-95,4 95458.793† 7.50 735.5 (6) ...
104,7-94,6 95462.755† 8.40 716.6 (6) ...
104,6-94,5 95462.903† 8.40 716.6 (6) ...
106,5-96,4 95465.362 6.40 758.5 (6) ...
106,4-96,3 95465.362† 6.40 758.5 (6) ...
107,4-97,3 95478.241 5.10 785.8 4.6(1) 0.02(2)
107,3-97,2 95478.241† 5.10 785.8 4.6(1) ”
4.6±1.0 3.1±0.8 0.02 0.06±0.02
103,8-93,7 95483.635 9.10 701.9 3.1(1) 0.01(2)
103,7-93,6 95499.610 9.10 701.9 (8) ...
102,8-92,7 95936.014 9.60 691.5 7.5(1) 0.02(2)
101,9-91,8 97624.273 9.90 685.7 5.3(1) 0.02(2)
111,11-101,10 102092.769 10.90 689.3 6.4(1) 0.03(2)
6.4±0.4 3.9±0.6 0.02 0.10±0.02
110,11-100,10 104080.675 11.00 687.9 8.2(1) 0.03(2)
112,10-102,9 104798.928 10.60 696.4 1.7(1,6) 0.04(2)
115,7-105,6 105008.918 8.73 740.5 5.7(1) 0.01(2)
115,6-105,5 105008.919† 8.73 740.5 5.7(1) ”
116,6-106,5 105014.157 7.73 763.6 5.2(1) 0.01(2)
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Tabla B.4: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
116,5-106,4 105014.157† 7.73 763.6 5.2(1) ”
114,8-104,7 105017.008 9.55 721.6 1.8(1) 0.03(2)
114,7-104,6 105017.303† 9.55 721.6 2.6(1) ”
2.26±1.2 5±1 0.02 0.11±0.04
117,5-107,4 105027.149 6.55 790.8 (6) ...
117,4-107,3 105027.149† 6.55 790.8 (6) ...
113,9-103,8 105044.795 10.20 706.9 (5) ...
118,3-108,2 105045.651† 5.18 822.2 (5) ...
118,4-108,3 105045.651† 5.18 822.2 (5) ...
113,8-103,7 105070.713 10.20 706.9 (6,9) ...
112,9-102,8 105645.039 10.60 696.5 7.5(1) 0.02(2)
111,10-101,9 107342.050 10.90 690.8 7.8(1,6) 0.06(2)
121,12-111,11 111332.582 11.90 694.7 (6) ...
120,12-110,11 113373.723 12.00 693.3 7.1(1,10) 0.04(2)
122,11-112,10 114293.622 11.70 701.9 4.1(1) 0.04(2)
125,8-115,7 114560.253 9.92 746.0 (11) ...
125,7-115,6 114560.257† 9.92 746.0 (11) ...
126,7-116,6 114563.596† 9.00 769.1 (11) ...
126,6-116,5 114563.596† 9.00 769.1 (11) ...
124,9-114,8 114573.503 10.70 727.1 (12,13,14) ...
124,8-114,7 114574.055† 10.70 727.1 (12,13,14) ...
127,6-117,5 114576.365† 7.92 796.3 (12,13,14) ...
127,5-117,4 114576.365† 7.92 796.3 (12,13,14) ...
128,5-118,4 114595.648 6.67 827.7 4.1(1,15) 0.03(2)
128,4-118,3 114595.648† 6.67 827.7 4.1(1,15) ”
123,10-113,9 114608.650 11.20 712.4 (6) ...
123,9-113,8 114648.889 11.20 712.4 (16) ...
122,10-112,9 115382.717 11.70 702.1 (6) ...
140,14-130,13 131846.587 14.00 705.5 (7) ...
142,13-132,12 133257.141 13.70 714.2 8.0(1) 0.07(2)
146,9-136,8 133664.633 11.40 781.4 5.9(1) 0.04(2)
146,8-136,7 133664.633† 11.40 781.4 5.9(1) ”
145,10-135,9 133666.986† 12.20 758.4 6.8(1) ”
145,9-135,8 133667.002† 12.20 758.4 6.8(1) ”
147,8-137,7 133675.831 10.50 808.7 3.0(1,6) 0.03(2)
147,7-137,6 133675.831† 10.50 808.7 3.0(1,6) ”
144,11-134,10 133693.924 12.90 739.5 2.5(1) 0.07(2)
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Tabla B.4: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
144,10-134,9 133695.587† 12.90 739.5 6.2(1) ”
5.8±0.4 5±1 0.08 0.38±0.12
143,12-133,11 133743.689 13.40 724.8 3.7(1,6) 0.08(2)
143,11-133,10 133831.007 13.40 724.8 (17) ...
142,12-132,11 134942.808 13.70 714.6 (11) ...
141,13-131,12 136405.766 13.90 709.1 6.6(1,6) 0.05(2)
151,15-141,14 138993.496 14.90 713.4 6.6(1) 0.07(2)
150,15-140,14 141027.791 15.00 712.3 6.9(1) 0.07(2)
152,14-142,13 142724.661 14.70 721.1 (8) ...
156,10-146,9 143216.346 12.60 788.3 (5) ...
156,9-146,8 143216.346† 12.60 788.3 (5) ...
155,11-145,10 143222.601 13.30 765.3 5.4(1,6) 0.09(2)
155,10-145,9 143222.631† 13.30 765.3 5.4(1,6) ”
157,9-147,8 143226.135 11.70 815.6 8.6(1,6) 0.11(2)
157,8-147,7 143226.135† 11.70 815.6 8.6(1,6) ”
158,7-148,6 143246.274 10.70 846.9 (5) ...
158,8-148,7 143246.274† 10.70 846.9 (5) ...
154,12-144,11 143258.173 13.90 746.4 (14,18) ...
154,11-144,10 143260.891† 13.90 746.4 (14,18) ...
159,6-149,5 143274.146 9.60 882.5 7.1(1) 0.03(2)
159,7-149,6 143274.146† 9.60 882.5 7.1(1) ”
1510,5-1410,4 143308.410 8.33 922.1 (6) ...
1510,6-1410,5 143308.410† 8.33 922.1 (6) ...
153,13-143,12 143314.260 14.40 731.7 (6) ...
153,12-143,11 143437.511 14.40 731.7 (8,19) ...
152,13-142,12 144762.219 14.70 721.5 8.4(1,6) 0.09(2)
151,14-141,13 146057.714 14.90 716.1 (13) ...
161,16-151,15 148193.547 15.90 720.5 (13) ...
160,16-150,15 150174.678 16.00 719.5 (20,21) ...
162,15-152,14 152181.846 15.70 728.4 (5,9,14,22) ...
166,11-156,10 152768.932 13.80 795.7 6.6(1,6,23) 0.19(2)
166,10-156,9 152768.932† 13.80 795.7 6.6(1,6,23) ”
167,10-157,9 152776.855 12.90 822.9 (5) ...
167,9-157,8 152776.855† 12.90 822.9 (5) ...
165,12-155,11 152779.856† 14.40 772.6 (5) ...
165,11-155,10 152779.856† 14.40 772.6 (5) ...
168,9-158,8 152796.722 12.00 854.3 (5) ...
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Tabla B.4: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
168,8-158,7 152796.722† 12.00 854.3 (5) ...
164,13-154,12 152825.305 15.00 753.7 (24) ...
169,8-159,7 152825.349† 10.90 889.8 (24) ...
169,7-159,6 152825.349† 10.90 889.8 (24) ...
164,12-154,11 152829.601 15.00 753.7 (24) ...
1610,7-1510,6 152861.109 9.75 929.4 (24) ...
1610,6-1510,5 152861.109† 9.75 929.4 (24) ...
163,14-153,13 152886.304 15.40 739.0 (14,24) ...
1611,6-1511,5 152903.099 8.44 973.2 (6) ...
1611,5-1511,4 152903.099† 8.44 973.2 (6) ...
163,13-153,12 153056.213 15.40 739.1 (24) ...
162,14-152,13 154604.267 15.70 728.9 7.2(1) 0.04(2)
7.2±0.7 3±2 0.05 0.14±0.07
161,15-151,14 155688.353 15.90 723.6 6.8(1) 0.10(2)
171,17-161,16 157383.332 16.90 728.0 (25) ...
170,17-160,16 159290.174 17.00 727.2 (14) ...
172,16-162,15 161628.091 16.80 736.1 (18,26) ...
176,12-166,11 162322.447 14.90 803.4 (5,8,18) ...
176,11-166,10 162322.448† 14.90 803.4 (5,8,18) ...
177,11-167,10 162328.020† 14.10 830.7 (5,8,18) ...
177,10-167,9 162328.020† 14.10 830.7 (5,8,18) ...
175,13-165,12 162338.860 15.50 780.4 (6) ...
175,12-165,11 162338.956† 15.50 780.4 (6) ...
178,10-168,9 162347.301 13.20 862.1 5.0(1) 0.06(2)
178,9-168,8 162347.301† 13.20 862.1 5.0(1) ”
4.9±0.2 4±1 0.11 0.29±0.05
179,9-169,8 162376.472 12.20 897.6 4.8(1) 0.08(2)
179,8-169,7 162376.472† 12.20 897.6 4.8(1) ”
174,14-164,13 162395.438 16.10 761.5 6.1(1) 0.10(2)
174,13-164,12 162402.032 16.10 761.5 5.7(1) 0.10(2)
1710,8-1610,7 162413.576 11.10 937.2 (24) ...
1710,7-1610,6 162413.576† 11.10 937.2 (24) ...
1711,7-1611,6 162457.527 9.88 951.0 1.9(1) 0.05(2)
1711,6-1611,5 162457.527† 9.88 951.0 1.9(1) ”
173,15-163,14 162459.288† 16.50 746.8 5.2(1) ”
1712,6-1612,5 162507.689 8.53 1028.8 3.8(1,27) 0.04(2)
1712,5-1612,4 162507.689† 8.53 1028.8 3.8(1,27) ”
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Tabla B.4: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
173,14-163,13 162688.675 16.50 746.9 (8,22) ...
172,15-162,14 164465.169 16.80 736.8 4.5(1,6) 0.14(2)
171,16-161,15 165295.521 16.90 731.5 (5) ...
181,18-171,17 166562.900 17.90 736.0 (13) ...
180,18-170,17 168377.853 18.00 735.2 (6) ...
182,17-172,16 171062.814 18.00 735.2 (5) ...
186,13-176,12 171876.949 16.00 811.7 (5) ...
186,12-176,11 171876.951† 16.00 811.7 (5) ...
187,12-177,11 171879.655† 15.30 838.9 (5) ...
187,11-177,10 171879.655† 15.30 838.9 (5) ...
188,11-178,10 171898.020 14.40 870.3 7.2(1,6) 0.17(2)
188,10-178,9 171898.020† 14.40 870.3 7.2(1,6) ”
185,14-175,13 171899.715† 16.60 788.6 7.9(1,6) ”
185,13-175,12 171899.878† 16.60 788.6 7.6(1,6) 0.17(2)
189,9-179,8 171927.509 13.50 905.8 (6) ...
189,10-179,9 171927.509† 13.50 905.8 (6) ...
1810,8-1710,7 171965.795 12.40 945.5 (28) ...
1810,9-1710,8 171965.795† 12.40 945.5 (28) ...
184,15-174,14 171968.666 17.10 769.8 (14) ...
184,14-174,13 171978.533 17.10 769.8 5.4(1) 0.10(2)
183,16-173,15 172032.594 17.50 755.1 (5,16) ...
183,15-173,14 172336.550 17.50 755.1 5.4(1) 0.16(2)
181,17-171,16 174876.963 17.90 739.9 8.2(1) 0.20(2)
191,19-181,18 175732.381 18.90 744.5 (7) ...
190,19-180,18 177441.706 19.00 743.8 (6) ...
212,20-202,19 199292.525 20.80 771.7 (29) ...
217,15-207,14 200537.645 18.70 866.4 3.8(1,6) 0.30(2)
217,14-207,13 200537.645† 18.70 866.4 3.8(1,6) ”
216,16-206,15 200546.938 19.30 839.2 0.9(1,30) 0.18(2)
216,15-206,14 200546.947† 19.30 839.2 0.9(1,30) ”
218,14-208,13 200551.088† 18.00 897.1 7.1(1,30) ”
218,13-208,12 200551.088† 18.00 897.1 7.1(1,30) ”
219,12-209,11 200580.048 17.10 933.3 (30) ...
219,13-209,12 200580.048† 17.10 933.3 (30) ...
215,17-205,16 200594.427 19.80 816.1 3.5(1) 0.14(2)
215,16-205,15 200595.091† 19.80 816.1 4.5(1) ”
3.9±0.2 8.9±0.8 0.12 1.12±0.08
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Tabla B.4: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2110,12-2010,11 200620.823 16.20 973.0 (31) ...
2110,11-2010,10 200620.823† 16.20 973.0 (31) ...
2111,10-2011,9 200671.355 15.20 1016.8 5.3(1,14,32,33) 0.12(2)
2111,11-2011,10 200671.355† 15.20 1016.8 5.3(1,14,32,33) ”
214,18-204,17 200707.431 20.20 797.3 (6) ...
2112,10-2012,9 200730.424 14.10 1064.6 (14) ...
2112,9-2012,8 200730.424† 14.10 1064.6 (14) ...
214,17-204,16 200736.514 20.20 797.3 (14) ...
213,19-203,18 200747.157 20.60 782.6 (34) ...
2113,9-2013,8 200797.267 13.00 1116.5 (11) ...
2113,8-2013,7 200797.267† 13.00 1116.5 (11) ...
2114,7-2014,6 200871.382 11.70 1172.4 (8) ...
2114,8-2014,7 200871.382† 11.70 1172.4 (8) ...
213,18-203,17 201389.985 20.60 782.7 (8) ...
221,22-211,21 203182.670 21.90 772.4 5.5(1) 0.12(2)
211,20-201,19 203443.597 20.90 767.8 9.8(1) 0.06(2)
212,19-202,18 204002.725 20.80 773.1 6.6(1) 0.16(2)
220,22-210,21 204531.482 22.00 771.9 (24) ...
222,21-212,20 208676.017 21.80 781.7 (6) ...
227,16-217,15 210091.424 19.80 876.5 5.9(1,8) 0.21(2)
227,15-217,14 210091.425† 19.80 876.5 5.9(1,8) ”
228,15-218,14 210102.438 19.10 907.9 2.0(1) 0.14(2)
228,14-218,13 210102.438† 19.10 907.9 2.0(1) ”
226,17-216,16 210105.950† 20.40 849.3 7.0(1) ”
226,16-216,15 210105.966† 20.40 849.3 7.0(1) ”
229,14-219,13 210130.685 18.30 943.4 6.6(1) 0.03(2)
229,13-219,12 210130.685† 18.30 943.4 6.6(1) ”
225,18-215,17 210163.710 20.90 826.2 4.6(1) 0.21(2)
225,17-215,16 210164.723† 20.90 826.2 6.1(1) ”
2210,12-2110,11 210171.906 17.50 983.1 (6,35) ...
2210,13-2110,12 210171.906† 17.50 983.1 (6,35) ...
2211,12-2111,11 210223.733 16.50 1026.8 (22) ...
2211,11-2111,10 210223.733† 16.50 1026.8 (22) ...
2212,10-2112,9 210284.760 15.50 1074.7 (6) ...
2212,11-2112,10 210284.760† 15.50 1074.7 (6) ...
224,19-214,18 210293.371 21.30 807.4 5.1(1) 0.14(2)
223,20-213,19 210314.141 21.60 792.7 (18) ...
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Tabla B.4: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
224,18-214,17 210333.598 21.30 807.4 (8) ...
223,19-213,18 211116.785 21.60 792.9 5.4(1) 0.06(2)
5.3±0.6 4±1 0.06 0.29±0.07
231,23-221,22 212314.463 22.90 782.6 (36) ...
221,21-211,20 212898.845 21.90 778.0 ∗∗ ...
230,23-220,22 213540.159 23.00 782.2 5.9(1) 0.13(2)
222,20-212,19 213885.405 21.80 783.4 (37) ...
232,22-222,21 218045.616 22.80 792.2 (6) ...
237,17-227,16 219645.805 20.90 887.0 2.6(1) 0.08(2)
237,16-227,15 219645.806† 20.90 887.0 2.6(1) ”
238,16-228,15 219653.963 20.20 918.4 (7) ...
238,15-228,14 219653.963† 20.20 918.4 (7) ...
236,18-226,17 219666.231 21.40 859.8 6.6(1) 0.09(2)
236,17-226,16 219666.256† 21.40 859.8 6.7(1) ”
239,15-229,14 219681.207 19.50 954.0 (38) ...
239,14-229,13 219681.207† 19.50 954.0 (38) ...
2310,14-2210,13 219722.668 18.70 993.6 6.0(1,15) 0.14(2)
2310,13-2210,12 219722.668† 18.70 993.6 6.0(1,15) ”
235,19-225,18 219735.341 21.90 836.8 (7) ...
235,18-225,17 219736.856† 21.90 836.8 (7) ...
2311,12-2211,11 219775.635 17.70 1037.4 (7) ...
2311,13-2211,12 219775.635† 17.70 1037.4 (7) ...
2312,11-2212,10 219838.502 16.70 1085.2 2.9(1,6) 0.08(2)
2312,12-2212,11 219838.502† 16.70 1085.2 2.9(1,6) ”
233,21-223,20 219877.364 22.60 803.3 6.9(1) 0.12(2)
234,20-224,19 219882.378 22.30 817.9 5.0(1) 0.10(2)
234,19-224,18 219937.172 22.30 817.9 (39) ...
233,20-223,19 220867.345 22.60 803.5 (5,19) ...
241,24-231,23 221437.757 23.90 793.2 (5,18) ...
231,22-221,21 222316.991 22.90 788.7 (40) ...
240,24-230,23 222543.520 24.00 792.8 5.6(1) 0.13(2)
232,21-222,20 223757.838 22.80 794.1 (28,41) ...
242,23-232,22 227400.984 23.80 803.1 (42) ...
247,18-237,17 229200.814 22.00 898.0 (43) ...
247,17-237,16 229200.814† 22.00 898.0 (43) ...
248,17-238,16 229205.670† 21.30 929.4 (43) ...
248,16-238,15 229205.670† 21.30 929.4 (43) ...
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Tabla B.4: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
246,19-236,18 229227.837 22.50 870.8 6.3(1) 0.15(2)
246,18-236,17 229227.878† 22.50 870.8 6.4(1) ”
249,16-239,15 229231.609† 20.60 965.0 6.8(1) ”
249,15-239,14 229231.609† 20.60 965.0 6.8(1) ”
2410,15-2310,14 229273.092 19.80 1004.6 (8) ...
2410,14-2310,13 229273.092† 19.80 1004.6 (8) ...
245,20-235,19 229309.408 23.00 847.8 5.6(1) 0.22(2)
245,19-235,18 229311.633† 23.00 847.8 8.5(1) ”
2411,14-2311,13 229327.040 19.00 1048.4 (11) ...
2411,13-2311,12 229327.040† 19.00 1048.4 (11) ...
2412,13-2312,12 229391.623 18.00 1096.2 (6) ...
2412,12-2312,11 229391.623† 18.00 1096.2 (6) ...
243,22-233,21 229435.873 23.60 814.3 7.1(1) 0.18(2)
2413,12-2313,11 229465.695 17.00 1148.1 (8) ...
2413,11-2313,10 229465.695† 17.00 1148.1 (8) ...
244,21-234,20 229474.318 23.30 828.9 (19,44) ...
244,20-234,19 229547.905 23.30 829.0 (45) ...
2414,10-2314,9 229548.502† 15.80 1204.1 (45) ...
2414,11-2314,10 229548.502† 15.80 1204.1 (45) ...
251,25-241,24 230552.991 24.90 804.3 (6) ...
243,21-233,20 230642.911 23.60 814.5 5.2(1) 0.17(2)
5.14±0.14 5.2±0.3 0.20 1.11±0.06
250,25-240,24 231543.979 25.00 803.9 7.9(1) 0.16(2)
241,23-231,22 231696.184 23.90 799.8 7.4(1) 0.16(2)
242,22-232,21 233615.877 23.80 805.4 5.2(1,8) 0.19(2)
252,24-242,23 236741.841 24.80 814.4 (5) ...
257,19-247,18 238756.476 23.00 909.5 7.8(1) 0.21(2)
257,18-247,17 238756.477† 23.00 909.5 7.8(1) ”
258,18-248,17 238757.566† 22.40 940.9 6.1(1) ”
258,17-248,16 238757.566† 22.40 940.9 6.1(1) ”
259,17-249,16 238781.884 21.80 976.4 (6) ...
259,16-249,15 238781.884† 21.80 976.4 (6) ...
256,20-246,19 238790.824 23.60 882.3 (15,46) ...
256,19-246,18 238790.887† 23.60 882.3 (15,46) ...
2510,15-2410,14 238823.165 21.00 1016.1 8.6(1,15) 0.17(2)
2510,16-2410,15 238823.165† 21.00 1016.1 8.6(1,15) ”
2511,15-2411,14 238877.927 20.20 1059.9 5.7(1) 0.11(2)
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Tabla B.4: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2511,14-2411,13 238877.927† 20.20 1059.9 5.7(1) ”
255,21-245,20 238885.992 24.00 859.2 (6,47) ...
255,20-245,19 238885.992† 24.00 859.2 (6,47) ...
253,23-243,22 238988.701 24.60 825.7 (11) ...
254,22-244,21 239068.999 24.40 840.4 (48) ...
254,21-244,20 239166.548 24.40 840.4 (18,37) ...
261,26-251,25 239660.622 25.90 815.8 5.0(1) 0.20(2)
263,22-253,21 240444.342 24.60 826.1 (18) ...
260,26-250,25 240543.432 26.00 815.5 (49) ...
251,24-241,23 241034.927 24.90 811.4 (5,13) ...
252,23-242,22 243455.835 24.80 817.0 (18) ...
262,25-252,24 246067.964 25.80 826.3 (5,16) ...
268,19-258,18 248309.658 23.50 952.8 2.3(1) 0.31(2)
268,18-258,17 248309.658† 23.50 952.8 2.3(1) ”
267,20-257,19 248312.817† 24.10 921.4 6.1(1) ”
267,19-257,18 248312.818† 24.10 921.4 6.1(1) ”
269,18-259,17 248332.027 22.90 988.4 (6) ...
269,17-259,16 248332.027† 22.90 988.4 (6) ...
266,21-256,20 248355.248 24.60 894.2 (12) ...
266,20-256,19 248355.248† 24.60 894.2 (12) ...
2610,17-2510,16 248372.872 22.20 1028.0 (12) ...
2610,16-2510,15 248372.872† 22.20 1028.0 (12) ...
2611,15-2511,14 248428.273 21.30 1071.8 (8,11,41) ...
2611,16-2511,15 248428.273† 21.30 1071.8 (8,11,41) ...
265,22-255,21 248465.168 25.00 871.2 (14,28) ...
265,21-255,20 248469.746 25.00 871.2 (6) ...
2612,14-2512,13 248495.899 20.50 1119.6 (50) ...
2612,15-2512,14 248495.899† 20.50 1119.6 (50) ...
263,24-253,23 248534.871 25.70 837.7 (15,51) ...
2613,13-2513,12 248574.288 19.50 1171.6 (28) ...
2613,14-2513,13 248574.288† 19.50 1171.6 (28) ...
2614,13-2514,12 248662.480 18.50 1227.5 (5,52) ...
2614,12-2514,11 248662.480† 18.50 1227.5 (5,52) ...
264,23-254,22 248666.176† 25.40 852.4 (5,52) ...
2615,11-2515,10 248759.810 17.30 1287.4 5.7(1) 0.26(2)
2615,12-2515,11 248759.810† 17.30 1287.4 5.7(1) ”
271,27-261,26 248761.116† 26.90 827.7 7.3(1) ”
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Tabla B.4: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
264,22-254,21 248793.933 25.40 852.4 (5) ...
270,27-260,26 249543.291 27.00 827.5 (14) ...
263,23-253,22 250272.043 25.70 838.1 4.5(1,53) 0.24(2)
261,25-251,24 250332.187 25.90 823.4 (18,25) ...
262,24-252,23 253274.461 25.90 829.2 (18) ...
272,26-262,25 255379.193 26.80 838.5 (44,54) ...
281,28-271,27 257854.937 27.90 840.1 (53,5,21) ...
278,20-268,19 257861.951 24.60 965.2 (5) ...
278,19-268,18 257861.951† 24.60 965.2 (5) ...
277,21-267,20 257869.863 25.20 933.8 (21,55) ...
277,20-267,19 257869.865† 25.20 933.8 (21,55) ...
279,19-269,18 257882.029 24.00 1000.7 7.3(1,23) 0.14(2)
279,18-269,17 257882.029† 24.00 1000.7 7.3(1,23) ”
276,22-266,21 257921.164 25.70 906.6 8.7(1) 0.27(2)
276,21-266,20 257921.313† 25.70 906.6 8.6(1) ”
2710,18-2610,17 257922.196† 23.30 1040.4 7.5(1) ”
2710,17-2610,16 257922.196† 23.30 1040.4 7.5(1) 0.27(2)
9.6±1.2 4±1 0.54 2.0±0.9
2711,17-2611,16 257978.056 22.50 1084.2 7.8(1,56) 0.53(2)
2711,16-2611,15 257978.056† 22.50 1084.2 7.8(1,56) ”
2712,15-2612,14 258046.999 21.70 1132.0 (5,56) ...
2712,16-2612,15 258046.999† 21.70 1132.0 (5,56) ...
275,23-265,22 258047.003† 26.10 883.6 (5,56) ...
275,22-265,21 258053.427† 26.10 883.6 (5,56) ...
273,25-263,24 258073.408 26.70 850.1 (5,56,57) ...
274,24-264,23 258265.541 26.40 864.7 (39) ...
274,23-264,22 258430.985 26.40 864.8 5.6(1,6) ”
280,28-270,27 258544.554 28.00 839.9 (24,56) ...
271,26-261,25 259587.496 26.90 835.9 (11) ...
273,24-263,23 260125.831 26.70 850.6 5.6(1,5) 0.36(2)
272,25-262,24 263068.892 26.90 841.8 7.8(1,6) 0.25(2)
282,27-272,26 264675.434 27.80 851.2 (28) ...
291,29-281,28 266942.547 28.90 852.9 (11,15) ...
288,21-278,20 267414.453 25.70 978.0 (16) ...
288,20-278,19 267414.453† 25.70 978.0 (16) ...
287,22-277,21 267427.640 26.30 946.6 2.7(1,58) 0.21(2)
287,21-277,20 267427.644† 26.30 946.6 2.7(1,58) ”
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Tabla B.4: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
289,20-279,19 267431.887† 25.10 1013.6 7.5(1,58) ”
289,19-279,18 267431.887† 25.10 1013.6 7.5(1,58) ”
2810,18-2710,17 267471.123 24.40 1053.2 (37) ...
2810,19-2710,18 267471.123† 24.40 1053.2 (37) ...
286,23-276,22 267488.629 26.70 919.4 (13,24,58) ...
286,22-276,21 267488.851† 26.70 919.4 (13,24,58) ...
2811,18-2711,17 267527.256 23.70 1097.0 (54,58) ...
2811,17-2711,16 267527.256† 23.70 1097.0 (54,58) ...
290,29-270,28 267547.864 29.00 852.7 (59) ...
2812,16-2712,15 267597.372 22.90 1144.9 (5,25) ...
2812,17-2712,16 267597.372† 22.90 1144.9 (5,25) ...
283,26-273,25 267603.351 27.70 862.9 (58) ...
285,24-275,23 267631.551 27.10 896.4 (6) ...
285,23-275,22 267640.450 27.10 896.4 7.8(1,15) 0.10(2)
2813,16-2713,15 267679.641 22.20 1196.8 2.0(1,15) 0.06(2)
2813,15-2713,14 267679.641† 22.20 1196.8 2.0(1,15) ”
284,25-274,24 267866.724 27.40 877.6 (12,60) ...
284,24-274,23 268078.722 27.40 877.6 (6,61) ...
281,27-271,26 268801.046 27.90 848.8 (8) ...
283,25-273,24 270004.852 27.70 863.5 5.9(1) 0.24(2)
5.8±1.4 3±1 0.34 1.1±0.4
282,26-272,25 272836.596 27.90 854.9 (6) ...
292,28-282,27 273956.661 28.80 864.4 (6) ...
301,30-291,29 276024.393 30.00 866.1 4.2(1) 0.16(2)
300,30-290,29 276553.589 30.00 866.0 (36,62) ...
298,22-288,21 276967.169 26.80 991.3 (54,61,63) ...
298,21-288,20 276967.169† 26.80 991.3 (54,61,63) ...
299,21-289,20 276981.593 26.20 1026.9 (6,14) ...
299,20-289,19 276981.593† 26.20 1026.9 (6,14) ...
297,23-287,22 276986.174† 27.30 959.9 (6,14) ...
297,22-287,21 276986.180† 27.30 959.9 (6,14) ...
2910,20-2810,19 277019.638 25.60 1066.5 (56) ...
2910,19-2810,18 277019.638† 25.60 1066.5 (56) ...
296,24-286,23 277057.697 27.80 932.7 (18,64) ...
296,23-286,22 277058.025† 27.80 932.7 (18,64) ...
2911,18-2811,17 277075.850 24.80 1110.3 (28) ...
2911,19-2811,18 277075.850† 24.80 1110.3 (28) ...
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Tabla B.4: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
293,27-283,26 277123.761 28.70 876.2 (18,22) ...
2912,17-2812,16 277146.990 24.00 1158.2 (6) ...
2912,18-2812,17 277146.990† 24.00 1158.2 (6) ...
295,25-285,24 277218.855 28.10 909.7 6.6(1,5) 0.38(2)
2913,17-2813,16 277231.025 23.20 1210.1 3.9(1,37) 0.47(2)
2913,16-2813,15 277231.025† 23.20 1210.1 3.9(1,37) ”
295,24-285,23 277231.033† 28.10 909.7 3.9(1,37) ”
2914,15-2814,14 277326.614 22.20 1266.0 (5) ...
2914,16-2814,15 277326.614† 22.20 1266.0 (5) ...
2915,15-2815,14 277432.833 21.20 1326.0 (8,51,61) ...
2915,14-2815,13 277432.833† 21.20 1326.0 (8,51,61) ...
294,26-284,25 277469.292 28.40 890.9 (12,19,22) ...
294,25-284,24 277738.255 28.40 891.0 (5) ...
291,28-281,27 277973.756 28.90 862.1 (5,19) ...
293,26-283,25 279907.508 28.70 877.0 6.6(1,6) 0.45(2)
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Tabla A7. Emission lines of CH2CHCN 311=2 present in the spectral scan of the Orion-KL from the
radio-telescope of IRAM 30-m. Column 1 indicates the line transition, Col. 2 gives the predicted
frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5 observed radial
velocities relative to the local system rest (vLS R), Col. 6 the line width, Col. 7 main beam temperature,
and Col. 8 shows the area of the line. † blended with the previous line. ∗∗ hole in the observed
spectrum.
(1) peak channel line observed velocity. (2) peak channel line intensity. (3) blended with H 53β. (4)
blended with Si17O. (5) blended with HCOOCH3. (6) blended with U-line. (7) blended with HNCO. (8)
blended with CH3CH2CN. (9) blended with CH2CHCN 315=1. (10) blended with CH213CHCN. (11)
blended with SO2. (12) blended with 34SO2. (13) blended with 13CH3OH. (14) blended with
(CH3)2CO. (15) blended with CH2CHCN. (16) blended with CH3OH. (17) blended with CH3CHO.
(18) blended with CH3CH2CN 313/321. (19) blended with CH3CH2CN 320=1. (20) blended with H 54δ.
(21) blended with NO. (22) blended with H13COOCH3. (23) blended with CH2CHCN 310/311315. (24)
blended with CH3OCH3. (25) blended with CH3CH213CN. (26) blended with H2CCO. (27) blended
with c-C2H4O. (28) blended with |g+-g−|-CH3CH2OH. (29) blended with HC13CCN. (30) blended with
HCC13CN. (31) blended with HCCCN 37=1. (32) blended with HCCCN 34+37. (33) blended with
CH3CH2C15N. (34) blended with CH2CHCN 311=1. (35) blended with CH213CHCN. (36) blended
with NH2CHO. (37) blended with 13CH3CH2CN. (38) blended with HCCCN 37=2. (39) blended with
SO. (40) blended with H2CCO. (41) blended with SO18O. (42) blended with HCCCN. (43) blended
with H13CCCN. (44) blended with CH2CH13CN. (45) blended with SO2 32=1. (46) blended with
CH313CN. (47) blended with DCOOCH3. (48) blended with CH3CN. (49) blended with H2CS. (50)
blended with CCCS. (51) blended with CH3COOH 3t=0. (52) blended with HNC18O. (53) blended
with CH313CH2CN. (54) blended with OCS. (55) blended with H2CCC. (56) blended with CH3CN
38=1. (57) blended with HDCO. (58) blended with CH3C15N. (59) blended with HCO+. (60) blended
with 13CH3CN. (61) blended with HCOO13CH3. (62) blended with t-CH3CH2OH (63) blended with
H15NCO. (64) blended with H2C18O.
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Tabla B.5: Detected lines of CH2CHCN 311=3 .
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
91,9-81,8 83769.181 8.89 1007.6 (3) ...
90,9-80,8 85596.639 8.99 1006.1 (3) ...
92,8-82,7 86022.191 8.56 1014.4 (4) ...
95,5-85,4 86148.048 6.22 1057.9 4.5(1) 0.01(2)
95,4-85,3 86148.048† 6.22 1057.9 4.5(1) ”
94,6-84,5 86150.753 7.22 1039.3 6.9(1) 0.02(2)
94,5-84,4 86150.830† 7.22 1039.3 7.2(1) ”
96,4-86,3 86153.607 5.00 1080.7 (3) ...
96,3-86,2 86153.607† 5.00 1080.7 (3) ...
93,7-83,6 86167.628 8.00 1024.8 6.5(1) 0.01(2)
93,6-83,5 86177.892 8.00 1024.8 7.4(1,3) 0.02(2)
92,7-82,6 86518.215 8.56 1014.5 (3) ...
91,8-81,7 88177.186 8.89 1008.7 (4) ...
101,10-91,9 93045.462 9.90 1012.1 (3) ...
100,10-90,9 94978.886 9.99 1010.6 (4) ...
102,9-92,8 95556.511 9.60 1019.0 (5) ...
105,6-95,5 95723.850 7.50 1062.5 (5,6,7) ...
105,5-95,4 95723.850† 7.50 1062.5 (5,6,7) ...
106,5-96,4 95728.292† 6.40 1085.3 (5,6,7) ...
106,4-96,3 95728.292† 6.40 1085.3 (5,6,7) ...
104,7-94,6 95730.128† 8.40 1043.9 (5,6,7) ...
104,6-94,5 95730.296† 8.40 1043.9 (5,6,7) ...
107,4-97,3 95738.985 5.10 1112.2 (6) ...
107,3-97,2 95738.985 5.10 1112.2 (6) ...
103,8-93,7 95753.609 9.10 1029.4 (4) ...
108,2-98,1 95754.157† 3.60 1143.2 (4) ...
108,3-98,2 95754.157† 3.60 1143.2 (4) ...
103,7-93,6 95771.182 9.10 1029.4 (3) ...
109,2-99,1 95773.005† 1.90 1178.3 (3) ...
109,1-99,0 95773.005† 1.90 1178.3 (3) ...
102,8-92,7 96234.286 9.60 1019.1 6.0(1) 0.02(2)
6.0±1.6 4±2 0.01 0.05±0.10
101,9-91,8 97936.352 9.90 1013.4 (3) ...
111,11-101,10 102312.653 10.90 1017.0 (3) ...
110,11-100,10 104323.759 11.00 1015.6 (3) ...
112,10-102,9 105083.385 10.90 1024.0 8.8(1,3) 0.05(2)
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Tabla B.5: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
115,7-105,6 105300.849 8.73 1067.6 (8,9) ...
115,6-105,5 105300.849† 8.73 1067.6 (8,9) ...
116,6-106,5 105303.627† 7.73 1090.3 (8,9) ...
116,5-106,4 105303.627† 7.73 1090.3 (8,9) ...
114,8-104,7 105311.710 9.55 1048.9 (8,9) ...
114,7-104,6 105312.046† 9.55 1048.9 (8,9) ...
117,5-107,4 105314.144 6.55 1117.2 5.1(1,3) 0.04(2)
117,4-107,3 105314.144† 6.55 1117.2 5.1(1,3) ”
113,9-103,8 105342.504 10.20 1034.4 (3) ...
113,8-103,7 105371.013 10.20 1034.4 (3) ...
112,9-105,8 105979.648 10.60 1024.2 3.7(1) 0.04(2)
111,10-101,9 107682.571 10.90 1018.6 (3) ...
121,12-111,11 111570.238 11.90 1022.4 5.7(1) 0.05(2)
120,12-110,11 113629.769 12.00 1021.1 4.4(1,3) 0.07(2)
122,11-112,10 114602.094 11.70 1029.5 (3) ...
125,8-115,7 114879.166 9.92 1073.1 5.6(1) 0.05(2)
125,7-115,6 114879.170† 9.92 1073.1 5.6(1) ”
126,7-116,6 114879.678† 9.00 1095.9 7.0(1) ”
126,6-116,5 114879.678† 9.00 1095.9 7.0(1) ”
127,6-117,5 114889.662 7.92 1122.7 (4) ...
127,5-117,4 114889.662† 7.92 1122.7 (4) ...
124,9-114,8 114895.701 10.70 1054.5 (10) ...
124,8-114,7 114896.331† 10.70 1054.5 (10) ...
128,4-118,3 114906.039 6.67 1153.7 (3) ...
128,5-118,4 114906.039† 6.67 1153.7 (3) ...
123,10-113,9 114934.217 11.20 1040.0 5.7(1,11) 0.04(2)
123,9-113,8 114978.471 11.20 1040.0 (4) ...
141,14-131,13 130055.036 13.90 1034.4 (11,12) ...
140,14-130,13 132123.977 14.00 1033.3 (13) ...
142,13-132,12 133612.205 13.70 1041.9 (4) ...
146,9-136,8 134034.186 11.40 1108.3 (6) ...
146,8-136,7 134034.187† 11.40 1108.3 (6) ...
145,10-135,9 134040.225 12.20 1085.5 (14) ...
145,9-135,8 134040.244† 12.20 1085.5 (14) ...
147,8-137,7 134041.909† 10.50 1135.2 (14) ...
147,7-137,6 134041.909† 10.50 1135.2 (14) ...
148,6-138,5 134058.498 9.43 1166.2 (5) ...
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Tabla B.5: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
148,7-138,6 134058.498† 9.43 1166.2 (5) ...
144,11-134,10 134071.663 12.90 1066.9 (15) ...
144,10-134,9 134073.561† 12.90 1066.9 (15) ...
149,5-139,4 134081.715 8.21 1201.2 (15) ...
149,6-139,5 134081.715† 8.21 1201.2 (15) ...
1410,4-1310,3 134110.432 6.86 1240.4 (3) ...
1410,5-1310,4 134110.432† 6.86 1240.4 (3) ...
143,12-133,11 134125.220 13.40 1052.4 3.9(1) 0.05(2)
143,11-133,10 134221.217 13.40 1052.4 (16) ...
142,12-132,11 135393.362 13.70 1042.3 2.4(1) 0.06(2)
141,13-131,12 136825.744 13.90 1036.9 (6) ...
151,15-141,14 139281.724 14.90 1041.1 (6,17) ...
150,15-140,14 141314.132 15.00 1040.1 4.3(1) 0.06(2)
152,14-142,13 143102.237 14.70 1048.8 (10) ...
154,12-144,11 143663.980 13.90 1073.8 (18) ...
154,11-144,10 143667.079† 13.90 1073.8 (19) ...
153,13-143,12 143723.824 14.40 1059.3 (20) ...
153,12-143,11 143859.291 14.40 1059.3 (10) ...
152,13-142,12 145252.769 14.70 1049.2 4.4(1) 0.03(2)
151,14-141,13 146501.767 14.90 1043.9 (3) ...
161,16-151,15 148497.759 15.90 1048.2 (5) ...
160,16-150,15 150469.302 16.00 1047.3 (5) ...
162,15-152,14 152581.372 15.70 1056.1 (3) ...
166,11-156,10 153192.337 13.80 1122.5 7.6(1,3) 0.06(2)
166,10-156,9 153192.337† 13.80 1122.5 7.6(1,3) ”
167,10-157,9 153195.992 12.90 1149.4 3.2(1,3) 0.10(2)
167,9-157,8 153195.992† 12.90 1149.4 3.2(1,3) ”
165,12-155,11 153207.977 14.40 1099.7 8.1(1,3) 0.07(2)
165,11-155,10 153208.042† 14.40 1099.7 8.0(1,3) ”
168,9-158,8 153211.633 12.00 1180.4 2.3(1,3) 0.08(2)
168,8-158,7 153211.633† 12.00 1180.4 2.3(1,3) ”
169,8-159,7 153235.906 10.90 1215.5 3.4(1) 0.04(2)
169,7-159,6 153235.906† 10.90 1215.5 3.4(1) ”
164,13-154,12 153259.388 15.00 1081.1 (6) ...
164,12-154,11 153264.285† 15.00 1081.1 (6) ...
163,14-153,13 153323.874 15.40 1066.6 (21) ...
163,13-153,12 153510.566 15.40 1066.7 (4) ...
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Tabla B.5: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
162,14-152,13 155134.829 15.70 1056.7 (5) ...
161,15-151,14 156155.026 15.90 1051.4 (22) ...
171,17-161,16 157703.128 19.60 1055.8 6.3(1) 0.06(2)
170,17-160,16 159592.809 17.00 1055.0 (4) ...
172,16-162,15 162048.978 16.80 1063.9 (6,19) ...
175,13-165,12 162794.657 15.50 1107.6 5.5(1,22) 0.07(2)
175,12-165,11 162794.771† 15.50 1107.6 5.7(1,22) ”
174,14-164,13 162858.012 16.10 1088.9 (3) ...
174,13-164,12 162865.529 16.10 1088.9 (3) ...
173,15-163,14 162924.784 16.50 1074.4 (4) ...
173,14-163,13 163176.735 16.50 1074.5 (3) ...
172,15-162,14 165035.307 16.80 1064.6 7.3(1) 0.12(2)
171,16-161,15 165783.200 16.90 1059.4 4.0(1,23) 0.13(2)
181,18-171,17 166897.911 17.90 1063.8 (10) ...
180,18-170,17 168688.606 18.00 1063.1 3.9(1) 0.04(2)
182,17-172,16 171504.456 17.80 1072.1 (24) ...
187,12-177,11 172352.174 15.30 1165.5 0.4(1,3) 0.16(2)
187,11-177,10 172352.174† 15.30 1165.5 0.4(1,3) ”
186,13-176,12 172354.651† 16.00 1138.6 3.9(1,3) ”
186,12-176,11 172354.653† 16.00 1138.6 3.9(1,3) ”
185,14-175,13 172383.362 16.60 1115.8 (4) ...
185,13-175,12 172383.362† 16.60 1115.8 (4) ...
184,15-174,14 172459.950 17.10 1097.2 (6) ...
184,14-174,13 172471.195 17.10 1097.2 (3) ...
183,16-173,15 172525.880 17.50 1082.7 (3) ...
183,15-173,14 172859.584 17.50 1082.8 (23) ...
182,16-172,15 174949.306 17.80 1073.0 5.2(1) 0.06(2)
181,17-171,16 175383.875 17.90 1067.8 (4) ...
191,19-181,18 176082.273 18.90 1072.3 (5,25,26) ...
190,19-180,18 177761.017 19.00 1071.6 (3) ...
212,20-202,19 199792.621 20.80 1099.5 (19,27,28) ...
217,15-207,14 201090.968 18.70 1193.1 (10) ...
217,15-207,14 201090.968† 18.70 1193.1 (10) ...
218,14-208,13 201098.099† 18.00 1224.1 (10) ...
218,13-208,12 201098.099† 18.00 1224.1 (10) ...
216,16-206,15 201107.072 19.30 1166.2 3.9(1,3) 0.15(2)
216,15-206,14 201107.083† 19.30 1166.2 3.9(1,3) ”
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Tabla B.5: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
219,13-209,12 201120.834 17.10 1259.2 (25,29) ...
219,12-209,11 201120.834† 17.10 1259.2 (25,29) ...
2110,12-2010,11 201155.287 16.20 1298.4 (3,25) ...
2110,11-2010,10 201155.287† 16.20 1298.4 (3,25) ...
215,17-205,16 201162.771† 19.80 1143.4 (3,25) ...
215,16-205,15 201163.554† 19.80 1143.4 (3,25) ...
2111,11-2011,10 201199.328 15.20 1341.6 (25,30) ...
2111,10-2011,9 201199.328† 15.20 1341.6 (25,30) ...
2112,9-2012,8 201251.727 14.10 1388.9 (3) ...
2112,10-2012,9 201251.727† 14.10 1388.9 (3) ...
214,18-204,17 201286.131 20.20 1124.8 3.4(1) 0.08(2)
3.2±1.9 5±2 0.07 0.4±0.2
214,17-204,16 201319.250 20.20 1124.8 (19) ...
213,19-203,18 201322.367† 20.60 1110.3 (19) ...
213,18-203,17 202026.731 20.60 1110.5 (31) ...
221,22-211,21 203575.591 21.90 1100.3 (5,32,33) ...
211,20-201,19 203996.095 20.90 1095.8 3.3(1,6) 0.17(2)
212,19-202,18 204718.826 20.80 1101.0 (5) ...
220,22-210,21 204881.283 22.00 1099.8 2.0(1,3) 0.17(2)
222,21-212,20 209194.302 21.80 1109.6 (34) ...
227,16-217,15 210671.906 19.80 1203.2 7.9(1,4,35) 0.16(2)
227,15-217,14 210671.907† 19.80 1203.2 7.9(1,4,35) ”
228,15-218,14 210676.120 19.10 1234.2 9.0(1,36) 0.21(2)
228,14-218,13 210676.120† 19.10 1234.2 9.0(1,36) ”
226,17-216,16 210693.863 20.40 1176.3 ∗ ...
226,16-216,15 210693.882† 20.40 1176.3 ∗ ...
229,13-219,12 210697.720 18.30 1269.3 (37) ...
229,14-219,13 210697.720† 18.30 1269.3 (37) ...
2210,12-2110,11 210732.233 17.50 1308.5 5.0(1,3) 0.14(2)
2210,13-2110,12 210732.233† 17.50 1308.5 5.0(1,3) ”
225,18-215,17 210760.707 20.90 1153.5 (17) ...
225,17-215,16 210761.902† 20.90 1153.5 (17) ...
2211,11-2111,10 210777.201 16.50 1351.7 (25) ...
2211,12-2111,11 210777.201† 16.50 1351.7 (25) ...
2212,10-2112,9 210831.203 15.50 1399.0 3.8(1) 0.08(2)
2212,11-2112,10 210831.203† 15.50 1399.0 3.8(1) ”
2213,9-2113,8 210893.392 14.30 1450.4 (3) ...
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Tabla B.5: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2213,10-2113,9 210893.392† 14.30 1450.4 (3) ...
224,19-214,18 210901.613 21.30 1134.9 (3) ...
223,20-213,19 210915.970 21.60 1120.5 5.3(1) 0.07(2)
224,18-214,17 210947.407 21.30 1134.9 5.6(1,3) 0.21(2)
223,19-213,18 211794.656 21.60 1120.6 (3) ...
231,23-221,22 212721.323 22.90 1110.5 (17,18) ...
221,21-211,20 213462.118 21.90 1106.0 1.6(1) 0.14(2)
230,23-220,22 213902.041 23.00 1110.1 (3) ...
222,20-212,19 214633.469 21.80 1111.3 (4) ...
232,22-222,21 218581.442 22.80 1120.0 (38) ...
237,17-227,16 220253.571 20.90 1213.7 (3) ...
237,16-227,15 220253.572† 20.90 1213.7 (3) ...
238,16-228,15 220254.414† 20.20 1244.7 (3) ...
238,15-228,14 220254.414† 20.20 1244.7 (3) ...
239,15-229,14 220274.573 19.50 1279.8 ∗ ...
239,14-229,13 220274.573† 19.50 1279.8 ∗ ...
236,18-226,17 220282.090 21.40 1186.9 5.3(1) 0.12(2)
236,17-226,16 220282.090† 21.40 1186.9 5.3(1) ”
4.5±0.4 4±1 0.10 0.47±0.09
2310,14-2210,13 220308.926 18.70 1319.0 (3) ...
2310,13-2210,12 220308.926† 18.70 1319.0 (3) ...
235,19-225,18 220361.220 21.90 1164.1 (17,39) ...
235,18-225,17 220363.008† 21.90 1164.1 (17,39) ...
233,21-223,20 220505.360 22.60 1131.0 (3) ...
234,20-224,19 220520.338 22.30 1145.5 6.3(1) 0.10(2)
234,19-224,18 220582.692 22.30 1145.5 (40) ...
233,20-223,19 221588.004 22.60 1131.3 6.5(1) 0.14(2)
241,24-231,23 221858.419 23.90 1121.1 (17,41) ...
231,22-221,21 222888.734 22.90 1116.7 (41) ...
240,24-230,23 222918.414 24.00 1120.8 (6) ...
232,21-222,20 224535.735 22.80 1122.1 5.9(1,3) 0.31(2)
242,23-232,22 227953.715 23.80 1131.0 6.0(1,4,42) 0.33(2)
248,17-238,16 229832.997 21.30 1255.8 (3) ...
248,16-238,15 229832.997† 21.30 1255.8 (3) ...
247,18-237,17 229835.998 22.00 1224.8 5.7(1,3) 0.24(2)
247,17-237,16 229835.998† 22.00 1224.8 5.7(1,3) ”
249,16-239,15 229851.392 20.60 1290.9 (6,13,43) ...
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Tabla B.5: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
249,15-239,14 229851.392† 20.60 1290.9 (6,13,43) ...
246,19-236,18 229871.820 22.50 1197.9 (9,10) ...
246,18-236,17 229871.869† 22.50 1197.9 (9,10) ...
2410,14-2310,13 229885.357 19.80 1330.1 6.4(1,3) 0.09(2)
2410,15-2310,14 229885.357† 19.80 1330.1 6.4(1,3) ”
2411,13-2311,12 229931.686 19.00 1373.3 (17) ...
2411,14-2311,13 229931.686† 19.00 1373.3 (17) ...
245,20-235,19 229964.408 23.00 1175.1 5.2(1,23) 0.16(2)
245,19-235,18 229967.033† 23.00 1175.1 8.6(1,23) ”
2412,13-2312,12 229988.519 18.00 1420.7 (3) ...
2412,12-2312,11 229988.519† 18.00 1420.7 (3) ...
2413,11-2313,10 230054.734 17.00 1472.0 (3) ...
2413,12-2313,11 230054.734† 17.00 1472.0 (3) ...
243,22-233,21 230089.526 23.60 1142.1 (27,44) ...
2414,10-2314,9 230129.649 15.80 1527.4 (3) ...
2414,11-2314,10 230129.649† 15.80 1527.4 (3) ...
244,21-234,20 230142.149 23.30 1156.6 (5,45) ...
244,20-234,19 230225.856 23.30 1156.6 (19,22,46) ...
251,25-241,24 230987.354 24.90 1132.2 (17,46,47) ...
243,21-233,20 231407.947 23.60 1142.4 4.9(1,48) 0.29(2)
250,25-240,24 231932.726 25.00 1131.9 (15,45,49) ...
241,23-231,22 232274.126 23.90 1127.9 (50) ...
242,22-232,21 234421.430 23.80 1133.4 (6,32) ...
252,24-242,23 237310.854 24.80 1142.4 (4,33) ...
258,18-248,17 239411.881 22.40 1267.3 5.0(1) 0.15(2)
258,17-248,16 239411.881† 22.40 1267.3 5.0(1) ”
257,19-247,18 239419.220 23.00 1236.3 6.4(1) 0.14(2)
257,18-247,17 239419.221† 23.00 1236.3 6.4(1) ”
259,17-249,16 239428.178 21.80 1302.4 ∗∗ ...
259,16-249,15 239428.178† 21.80 1302.4 ∗∗ ...
2510,15-2410,14 239461.516 21.00 1341.6 ∗∗ ...
2510,16-2410,15 239461.516† 21.00 1341.6 ∗∗ ...
256,20-246,19 239463.119† 23.60 1209.4 ∗∗ ...
256,19-246,18 239463.197† 23.60 1209.4 ∗∗ ...
2511,14-2411,13 239508.265 20.20 1384.8 6.8(1) 0.11(2)
2511,15-2411,14 239508.265† 20.20 1384.8 6.8(1) ”
255,21-245,20 239570.362 24.00 1186.6 (51) ...
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Tabla B.5: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
255,20-245,19 239574.154† 24.00 1186.6 (3) ...
253,23-243,22 239667.447 24.60 1153.6 (6,51) ...
254,22-244,21 239766.828 24.40 1168.1 5.6(1) 0.15(2)
254,21-244,20 239877.741 24.40 1168.1 (51) ...
261,26-251,25 240108.619 25.90 1143.7 5.3(1,47) 0.37(2)
260,26-250,25 240946.754 26.00 1143.5 (32) ...
253,22-243,21 241255.217 24.60 1154.0 (4,41) ...
251,24-241,23 241616.905 24.90 1139.5 (32) ...
252,23-242,22 244286.846 24.80 1145.1 (17) ...
262,25-252,24 246652.659 25.80 1154.2 (52) ...
268,19-258,18 248991.083 23.50 1279.2 (4) ...
268,18-258,17 248991.083† 23.50 1279.2 (4) ...
267,20-257,19 249003.274 24.10 1248.2 (3) ...
267,19-257,18 249003.275† 24.10 1248.2 (3) ...
269,18-259,17 249004.933† 22.90 1314.3 (3) ...
269,17-259,16 249004.933† 22.90 1314.3 (3) ...
2610,17-2510,16 249037.396 22.20 1353.5 (4) ...
2610,16-2510,15 249037.396† 22.20 1353.5 (4) ...
266,21-256,20 249056.055 24.60 1221.3 (19) ...
266,20-256,19 249056.175† 24.60 1221.3 (19) ...
2611,15-2511,14 249084.381 21.30 1396.8 (33,36) ...
2611,16-2511,15 249084.381† 21.30 1396.8 (33,36) ...
265,22-255,21 249179.168 25.00 1198.6 (6,33,53) ...
265,21-255,20 249184.563† 25.00 1198.6 (6,33,53) ...
271,27-261,26 249222.708 26.90 1155.7 (6,27) ...
263,24-253,23 249238.095 25.70 1165.5 5.4(1,54) 0.36(2)
264,23-254,22 249394.094 25.40 1180.0 (17) ...
264,22-254,21 249394.280 25.40 1180.1 (3,17) ...
270,27-260,26 249961.782 27.00 1155.5 (3) ...
261,25-251,24 250916.235 25.90 1151.5 (19,38) ...
263,23-253,22 251129.984 25.70 1166.0 (33,38) ...
262,24-252,23 254128.735 25.90 1157.3 (38) ...
272,26-262,25 255979.000 26.80 1166.5 (39) ...
281,28-271,27 258330.112 27.90 1168.1 (51,55) ...
278,20-268,19 258570.615 24.60 1291.6 8.5(1) 0.19(2)
278,19-268,18 258570.615† 24.60 1291.6 8.5(1) ”
279,19-269,18 258581.656 24.00 1326.7 (3,12,17,41) ...
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Tabla B.5: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
279,18-269,17 258581.656† 24.00 1326.7 (3,12,17,41) ...
277,21-267,20 258588.194 25.20 1260.6 (3) ...
277,20-267,19 258588.196† 25.20 1260.6 (3) ...
2710,18-2610,17 258612.986 23.30 1365.9 (3) ...
2710,17-2610,16 258612.986† 23.30 1365.9 (3) ...
276,22-266,21 258650.696 25.70 1233.7 (3,32) ...
276,21-266,20 258650.877† 25.70 1233.7 (3,32) ...
2711,16-2611,15 258660.016 22.50 1409.2 (3,32) ...
2711,17-2611,16 258660.016† 22.50 1409.2 (3,32) ...
2712,15-2612,14 258720.070 21.70 1456.5 (3) ...
2712,16-2612,15 258720.070† 21.70 1456.5 (3) ...
275,23-265,22 258790.897 26.10 1211.0 (19) ...
2713,15-2613,14 258791.526† 20.70 1507.9 (19) ...
2713,14-2613,13 258791.526† 20.70 1507.9 (19) ...
275,22-265,21 258798.466 26.10 1211.0 (12) ...
273,25-263,24 258800.452† 26.70 1178.0 (3) ...
2714,14-2614,13 258873.377 19.70 1563.3 (3) ...
2714,13-2614,12 258873.377† 19.70 1563.3 (3) ...
2715,13-2615,12 258964.997 18.70 1622.6 (32) ...
2715,12-2615,11 258964.997† 18.70 1622.6 (32) ...
280,28-270,27 258978.678 28.00 1167.9 (3) ...
274,24-264,23 259023.601 26.40 1192.5 (56) ...
2716,11-2616,10 259066.002 17.50 1685.9 (3) ...
2716,12-2616,11 259066.002† 17.50 1685.9 (3) ...
2717,11-2617,10 259176.172 16.30 1753.2 (3) ...
2717,10-2617,9 259176.172† 16.30 1753.2 (3) ...
274,23-264,22 259211.508 26.40 1192.5 (5,9,35) ...
271,26-261,25 260171.944 26.90 1164.0 (19) ...
273,24-263,23 261031.741 26.70 1178.5 (4) ...
272,25-262,24 263944.237 26.90 1170.0 (17) ...
282,27-272,26 265289.819 27.80 1179.2 (10) ...
291,29-281,28 267431.312 28.90 1180.9 (32,49,57) ...
290,29-280,28 267997.969 29.00 1180.8 (6) ...
288,21-278,20 268150.495 25.70 1304.5 (18,32) ...
288,20-278,19 268150.495† 25.70 1304.5 (18,32) ...
289,20-279,19 268158.350† 25.10 1339.6 (18,32) ...
289,19-279,18 268158.350† 25.10 1339.6 (18,32) ...
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Tabla B.5: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
287,22-277,21 268174.016† 26.30 1273.5 (18,32) ...
287,21-277,20 268174.021† 26.30 1273.5 (18,32) ...
2810,19-2710,18 268188.279† 24.40 1378.8 (18,32 ...
2810,18-2710,17 268188.279† 24.40 1378.8 (18,32) ...
2811,18-2711,17 268235.157 23.70 1422.1 (3) ...
2811,17-2711,16 268235.157† 23.70 1422.1 (3) ...
286,23-276,22 268247.108 26.70 1246.6 (3) ...
286,22-276,21 268247.379† 26.70 1246.6 (3) ...
2812,17-2712,16 268295.990 22.90 1469.4 (58) ...
2812,16-2712,15 268295.990† 22.90 1469.4 (58) ...
283,26-273,25 268353.520 27.70 1190.8 (3,15) ...
2813,15-2713,14 268368.962 22.20 1520.8 (10) ...
2813,16-2713,15 268368.962† 22.20 1520.8 (10) ...
285,24-275,23 268405.613 27.10 1223.9 (19) ...
285,23-275,22 268416.093 27.10 1223.9 (3) ...
284,25-274,24 268654.936 27.40 1205.4 7.8(1) 0.16(2)
284,24-274,23 268895.561 27.40 1205.4 (6,19) ...
281,27-271,26 269384.606 27.90 1176.9 (6,19) ...
283,25-273,24 270959.213 27.70 1191.5 (3) ...
282,26-272,25 273730.812 27.90 1183.1 (3) ...
292,28-282,27 274585.129 28.80 1192.4 6.4(1,26) 0.31(2)
301,30-291,29 276526.774 29.90 1194.2 5.0(1,5,21) 0.25(2)
300,30-290,29 277019.914 30.00 1194.0 (51,59) ...
298,22-288,21 277730.736 26.80 1317.8 (5,46) ...
298,21-288,20 277730.736† 26.80 1317.8 (5,46) ...
299,21-289,20 277735.015† 26.20 1352.9 (5,46) ...
299,20-289,19 277735.015† 26.20 1352.9 (5,46) ...
297,23-287,22 277760.778 27.30 1286.8 (6,15) ...
297,22-287,21 277760.785† 27.30 1286.8 (6,15) ...
2910,19-2810,18 277763.268† 25.60 1392.1 (6,15) ...
2910,20-2810,19 277763.268† 25.60 1392.1 (6,15) ...
2911,19-2811,18 277809.788 24.80 1435.4 (6,19) ...
2911,18-2811,17 277809.788† 24.80 1435.4 (6,19) ...
296,24-286,23 277845.360 27.80 1260.0 6.6(1) 0.16(2)
296,23-286,22 277845.759† 27.80 1260.0 7.1(1) ”
2912,17-2812,16 277871.244 24.00 1482.7 (6,38) ...
2912,18-2812,17 277871.244† 24.00 1482.7 (6,38) ...
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Tabla B.5: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
293,27-283,26 277896.328 28.70 1204.2 (60) ...
2913,17-2813,16 277945.609 23.20 1534.1 (3) ...
2913,16-2813,15 277945.609† 23.20 1534.1 (3) ...
295,25-285,24 278023.363 28.10 1237.2 (6) ...
295,24-285,23 278037.697 28.10 1237.2 (26,46) ...
294,26-284,25 278287.616 28.40 1218.7 (10) ...
291,28-281,27 278555.606 28.90 1190.3 (61) ...
294,25-284,24 278592.679 28.40 1218.8 (10) ...
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Tabla A8. Emission lines of CH2CHCN 311=3 present in the spectral scan of the Orion-KL from the
radio-telescope of IRAM 30-m. Column 1 indicates the line transition, Col. 2 gives the predicted
frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5 observed radial
velocities relative to the local system rest (vLS R), Col. 6 the line width, Col. 7 main beam temperature,
and Col. 8 shows the area of the line. † blended with the previous line. ∗ noise level. ∗∗ hole in the
observed spectrum.
(1) peak channel line observed velocity. (2) peak channel line intensity. (3) blended with U-line. (4)
blended with HCOOCH3. (5) blended with CH3OCH3. (6) blended with CH3CH2CN. (7) blended with
CH3CH2C15N. (8) blended with H 49β. (9) blended with CH2CHCN 311=1. (10) blended with CH3OH.
(11) blended with O13C34S. (12) blended with CH313CH2CN. (13) blended with 34SO2. (14) blended
with H13CS. (15) blended with H13COOCH3. (16) blended with CH2CHOH. (17) blended with
(CH3)2CO. (18) blended with SO2 32=1. (19) blended with CH3CH2CN 313/321. (20) blended with
HDO. (21) blended with CH3OD. (22) blended with SO17O. (23) blended with HCCCN. (24) blended
with 29SiO. (25) blended with CH3CH213CN. (26) blended with 13CH2CHCN. (27) blended with
CH2CHCN 315=1. (28) blended with HCC13CN 37=1. (29) blended with CHDCHCN. (30) blended
with CH213CHCN. (31) blended with H2CCO. (32) blended with SO2. (33) blended with CH3CH2CN
320=1. (34) blended with H2CS. (35) blended with 33SO2. (36) blended with DCOOCH3. (37) blended
with c-C3H2. (38) blended with CH2CHCN. (39) blended with 13CH3OH. (40) blended with HN13CO.
(41) blended with 13CH3CH2CN. (42) blended with HNC18O. (43) blended with SO18O. (44) blended
with H13CCCN 37=1. (45) blended with HCOO13CH3. (46) blended with |g+-g−|-CH3CH2OH. (47)
blended with t-CH3CH2OH. (48) blended with D2CO. (49) blended with CH3C15N. (50) blended with
NH2CHO. (51) blended with CH3CN 38=1. (52) blended with 34SO. (53) blended with 33SO. (54)
blended with CH3COOH 3t=0. (55) blended with CH3OD. (56) blended with H13CN. (57) blended with
H2CCS. (58) blended with HDCO. (59) blended with CH2CHCN 311=2. (60) blended with CH2DCN.
(61) blended with DCCCN.
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Tabla B.6: Detected lines of CH2CHCN 315=1 .
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
91,9-81,8 83349.865 8.89 500.9 (3) ...
90,9-80,8 85075.547 9.00 499.1 5.6(1) 0.03(2)
92,8-82,7 85416.767 8.56 508.0 (4) ...
94,6-84,5 85528.061 7.22 534.5 4.0(1) 0.02(2)
94,5-84,4 85528.107† 7.22 534.5 4.2(1) ”
95,5-85,4 85532.951 6.22 554.4 4.1(1) 0.02(2)
95,4-85,3 85532.951† 6.22 554.4 4.1(1) ”
4.3±0.2 7.2±0.7 0.02 0.12±0.01
93,7-83,6 85536.445 8.00 519.1 1.8(1) 0.01(2)
93,6-83,5 85543.458 8.00 519.1 6.5(1) 0.02(2)
6.5±0.4 3.5±0.5 0.01 0.05±0.01
96,4-86,3 85545.876 5.00 578.6 3.4(1,5) 0.04(2)
96,3-86,2 85545.876† 5.00 578.6 3.4(1,5) ”
92,7-82,6 85810.690 8.56 508.1 (6) ...
91,8-81,7 87401.383 8.89 501.9 (7) ...
101,10-91,9 92585.520 9.90 505.3 (3,8) ...
100,10-90,9 94425.263 9.99 503.7 6.7(1,9) 0.05(2)
6.40±0.08 6.8±0.2 0.04 0.27±0.01
102,9-92,8 94888.425 9.60 512.6 6.1(1) 0.03(2)
6.1±0.6 10±1 0.03 0.30±0.04
104,7-94,6 95036.464 8.40 539.1 5.4(1) 0.05(2)
104,6-94,5 95036.563† 8.40 539.1 5.7(1) ”
105,6-95,5 95039.298 7.50 558.9 5.6(1) 0.04(2)
105,5-95,4 95039.298† 7.50 558.9 5.6(1) ”
5.6±0.2 5.6±0.4 0.03 0.17±0.01
103,8-93,7 95049.840 9.10 523.6 7.8(1) 0.03(2)
106,5-96,4 95052.284† 6.40 583.1 3.2(1) ”
106,4-96,3 95052.284† 6.40 583.1 6.4(1) ”
103,7-93,6 95061.849 9.10 523.6 4.8(1) 0.03(2)
4.8±0.8 6±2 0.02 0.16±0.04
107,4-97,3 95071.819 5.10 611.7 4.9(1,6) 0.03(2)
107,3-97,2 95071.819† 5.10 611.7 4.9(1,6) ”
108,2-98,1 95096.440 3.60 644.6 (6) ...
108,3-98,2 95096.440† 3.60 644.6 (6) ...
102,8-92,7 95427.491 9.60 512.6 5.8(1,6) 0.04(2)
101,9-91,8 97082.304 9.90 506.5 5.9(1) 0.03(2)
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
5.9±0.8 6±2 0.03 0.20±0.04
111,11-101,10 101813.714 10.90 510.2 4.8(1) 0.04(2)
4.8±0.8 5±2 0.03 0.16±0.05
110,11-100,10 103744.365 11.00 508.6 5.9(1) 0.04(2)
112,10-102,9 104354.080 10.60 517.6 (10) ...
115,7-105,6 104546.490 8.73 563.9 4.7(1) 0.07(2)
115,6-105,5 104546.491† 8.73 563.9 4.7(1) ”
114,8-104,7 104546.519† 9.55 544.1 4.8(1) ”
114,7-104,6 104546.717† 9.55 544.1 5.3(1) ”
4.8±0.4 6.0±0.9 0.07 0.46±0.06
116,6-106,5 104559.103 7.73 588.1 3.9(1) 0.04(2)
116,5-106,4 104559.103† 7.73 588.1 3.9(1) ”
3.8±0.7 7±1 0.03 0.26±0.05
113,9-103,8 104565.623 10.20 528.7 5.0(1) 0.04(2)
4.3±0.4 8±1 0.04 0.32±0.05
117,5-107,4 104579.602 6.55 616.7 3.4(1) 0.03(2)
117,4-107,3 104579.602† 6.55 616.7 3.4(1) ”
3.3±0.5 12.9±0.7 0.02 0.33±0.03
113,8-103,7 104585.110 10.20 528.7 3.6(1,6) 0.05(2)
118,3-108,2 104606.047 5.18 649.6 4.9(1) 0.02(2)
118,4-108,3 104606.047† 5.18 649.6 4.9(1) ”
112,9-102,8 105068.319 10.60 517.7 2.8(1,5,6) 0.12(2)
111,10-101,9 106753.065 10.90 511.6 (11) ...
121,12-111,11 111033.976 11.90 515.6 7.6(1) 0.08(2)
120,12-110,11 113031.186 12.00 514.1 5.3(1,4,12) 0.05(2)
122,11-112,10 113813.147 11.70 523.0 8.2(1) 0.03(2)
125,8-115,7 114054.610 9.92 569.4 4.2(1,6) 0.10(2)
125,7-115,6 114054.613† 9.92 569.4 4.2(1,6) ”
124,9-114,8 114058.378 10.70 549.6 6.2(1) 0.06(2)
124,8-114,7 114058.749† 10.70 549.6 7.1(1) ”
126,7-116,6 114066.374 9.00 593.6 (9,13) ...
126,6-116,5 114066.374† 9.00 593.6 (9,13) ...
123,10-113,9 114083.762 11.20 534.1 (6) ...
127,6-117,5 114087.555 7.92 622.2 (6) ...
127,5-117,4 114087.555† 7.92 622.2 (6) ...
123,9-113,8 114114.024 11.20 534.1 2.5(1,6) 0.12(2)
122,10-112,9 114734.177 11.70 523.2 5.4(1,6) 0.07(2)
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
140,14-130,13 131504.447 14.00 526.2 6.6(1,13) 0.11(2)
142,13-132,12 132709.220 13.70 535.3 6.1(1) 0.08(2)
145,10-135,9 133073.970 12.20 581.7 (4) ...
145,9-135,8 133073.979† 12.20 581.7 (4) ...
146,9-136,8 133082.435 11.40 605.9 (3) ...
146,8-136,7 133082.435† 11.40 605.9 (3) ...
144,11-134,10 133088.086 12.90 561.9 4.7(1) 0.07(2)
144,10-134,9 133089.205† 12.90 561.9 4.7(1) ”
147,8-137,7 133104.030 10.50 634.5 (14) ...
147,7-137,6 133104.030† 10.50 634.5 (14) ...
143,12-133,11 133126.628 13.40 546.4 (4,15) ...
148,7-138,6 133134.796 9.43 667.4 (4,15) ...
148,6-138,5 133134.796† 9.43 667.4 (4,15) ...
149,6-139,5 133172.869 8.21 704.6 4.0(1) 0.05(2)
149,5-139,4 133172.869† 8.21 704.6 4.0(1) ”
143,11-133,10 133192.350 13.40 546.5 7.7(1,6,12) 0.09(2)
142,12-132,11 134141.825 13.70 535.6 4.8(1) 0.07(2)
4.9±0.2 6.7±0.5 0.07 0.48±0.03
141,13-131,12 135690.914 1.39 529.8 (16) ...
151,15-141,14 138643.548 14.90 534.2 5.8(1) 0.09(2)
150,15-140,14 140690.913 15.00 533.0 (14) ...
152,14-142,13 142145.099 14.70 542.1 6.5(1) 0.09(2)
155,11-145,10 142585.373 13.30 588.6 4.9(1) 0.09(2)
155,10-145,9 142585.391† 13.30 588.6 4.8(1) ”
4.6±0.4 8±1 0.09 0.76±0.09
156,10-146,9 142591.303 12.60 612.8 4.7(1) 0.10(2)
156,9-146,8 142591.303† 12.60 612.8 4.7(1) ”
4.7±0.3 5.7±0.8 0.13 0.82±0.09
154,12-144,11 142606.205 13.90 568.7 1.3(1) 0.10(2)
154,11-144,10 142608.034† 13.90 568.7 5.2(1) ”
3.3±0.2 6.0±0.8 0.10 0.64±0.07
157,9-147,8 142612.580 11.70 641.4 5.7(1) 0.04(2)
157,8-147,7 142612.580† 11.70 641.4 5.7(1) ”
6.3±0.3 4.5±0.5 0.03 0.14±0.02
158,8-148,7 142644.348 10.70 674.3 (17) ...
158,7-148,6 142644.348† 10.70 674.3 (17) ...
153,13-143,12 142650.933 14.40 553.3 (6) ...
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
153,12-143,11 142743.756 14.40 553.3 (18,19) ...
152,13-142,12 143882.222 14.70 542.5 (20) ...
151,14-141,13 145307.136 14.90 536.8 (20,21) ...
161,16-151,15 147828.832 15.90 541.3 3.6(1) 0.10(2)
160,16-150,15 149845.222 16.00 540.2 5.4(1,6) 0.20(2)
162,15-152,14 151572.144 15.70 549.4 (8) ...
165,12-155,11 152098.034 14.40 595.9 1.4(1,6) 0.26(2)
165,11-155,10 152098.067† 14.40 595.9 1.4(1,6) ”
166,11-156,10 152100.782† 13.80 620.1 6.8(1,6) ”
166,10-156,9 152100.783† 13.80 620.1 6.8(1,6) ”
167,10-157,9 152121.359 12.90 648.7 (4,6) ...
167,9-157,8 152121.359† 12.90 648.7 (4,6) ...
164,13-154,12 152126.661 15.00 576.0 (4) ...
164,12-154,11 152129.552† 15.00 576.0 (4) ...
168,9-158,8 152153.881 12.00 681.6 5.4(1) 0.06(2)
168,8-158,7 152153.881† 12.00 681.6 5.4(1) ”
5.3±0.4 8±1 0.07 0.62±0.06
163,14-153,13 152176.751 15.40 560.6 (4,14,22) ...
169,8-159,7 152195.588 10.90 718.8 (3) ...
169,7-159,6 152195.588† 10.90 718.8 (3) ...
1610,7-1510,6 152245.017 9.75 760.3 5.7(1,6) 0.16(2)
1610,6-1510,5 152245.017† 9.75 760.3 5.7(1,6) ”
163,13-153,12 152304.807 15.40 560.6 (15,20) ...
162,14-152,13 153644.786 15.70 549.9 6.6(1,6,23) 0.29(2)
161,15-151,14 154905.812 15.90 544.2 6.4(1) 0.25(2)
171,17-161,16 157004.932 16.90 548.8 4.1(1,24,25) 0.28(2)
170,17-160,16 158969.257 17.00 547.8 (6) ...
172,16-162,15 160989.824 16.80 557.1 5.8(1) 0.19(2)
176,12-166,11 161610.913 14.90 627.8 4.2(1) 0.35(2)
176,11-166,10 161610.913† 14.90 627.8 4.2(1) ”
175,13-165,12 161612.034† 15.50 603.6 6.3(1) ”
175,12-165,11 161612.092† 15.50 603.6 6.4(1) ”
177,11-167,10 161630.380 14.10 656.4 (3,26) ...
177,10-167,9 161630.380† 14.10 656.4 (3,26) ...
174,14-164,13 161649.560 16.10 583.8 (20) ...
174,13-164,12 161653.998† 16.10 583.8 (20) ...
178,10-168,9 161663.393 13.20 689.3 (27) ...
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
178,9-168,8 161663.393† 13.20 689.3 (27) ...
173,15-163,14 161703.686 16.50 568.4 (28) ...
179,8-169,7 161706.653† 12.20 726.5 (28) ...
179,9-169,8 161706.653† 12.20 726.5 (28) ...
1710,7-1610,6 161758.416 11.10 768.0 (29) ...
1710,8-1610,7 161758.416† 11.10 768.0 (29) ...
1711,7-1611,6 161817.666 9.88 813.8 (6) ...
1711,6-1611,5 161817.666† 9.88 813.8 (6) ...
173,14-163,13 161876.727 16.50 568.4 (5) ...
172,15-162,14 163426.916 16.80 557.7 5.0(1) 0.13(2)
5.1±0.9 9±2 0.14 1.3±0.3
171,16-161,15 164485.197 16.90 552.1 (10) ...
181,18-171,17 166171.819 17.90 556.8 (10) ...
180,18-170,17 168065.536 18.00 555.9 7.5(1,6) 0.29(2)
182,17-172,16 170397.627 17.80 565.3 6.9(1,30) 0.20(2)
186,13-176,12 171121.733 16.00 636.1 5.5(1,6,23) 0.28(2)
186,12-176,11 171121.734† 16.00 636.1 5.5(1,6,23) ”
185,14-175,13 171127.453 16.60 611.8 4.5(1,31) 0.20(2)
185,13-175,12 171127.551† 16.60 611.8 4.7(1,31) ”
187,12-177,11 171139.656 15.30 664.6 (6,12) ...
187,11-177,10 171139.656† 15.30 664.6 (6,12) ...
188,11-178,10 171172.882 14.40 697.5 (10,20) ...
188,10-178,9 171172.882† 14.40 697.5 (10,20) ...
184,15-174,14 171174.989† 17.10 592.0 (10,20) ...
184,14-174,13 171181.632† 17.10 592.0 (10,20) ...
189,9-179,8 171217.504 13.50 734.8 (4,6) ...
189,10-179,9 171217.504† 13.50 734.8 (4,6) ...
183,16-173,15 171231.278 17.50 576.6 (15) ...
1810,8-1710,7 171271.464 12.40 776.3 (14) ...
1810,9-1710,8 171271.464† 12.40 776.3 (14) ...
1811,7-1711,6 171333.567 11.30 822.0 (6) ...
1811,8-1711,7 171333.567† 11.30 822.0 (6) ...
1812,6-1712,5 171403.059 10.00 872.0 (5,22) ...
182,16-172,15 173225.360 17.80 566.0 (8) ...
181,17-171,16 174043.465 17.90 560.5 (6) ...
191,19-181,18 175329.534 18.90 565.2 (6,11) ...
190,19-180,18 177137.079 19.00 564.4 (6) ...
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
212,20-202,19 198556.992 20.80 592.6 5.5(1) 0.16(2)
5.60±0.11 5.2±0.4 0.17 0.91±0.08
216,16-206,15 199658.717 19.30 663.4 (4,32) ...
216,15-206,14 199658.722† 19.30 663.4 (4,32) ...
217,15-207,14 199669.152 18.70 692.0 (4,32) ...
217,14-207,13 199669.152† 18.70 692.0 (4,32) ...
215,17-205,16 199683.011 19.80 639.2 (6) ...
215,16-205,15 199683.411† 19.80 639.2 (6) ...
218,14-208,13 199701.185 18.00 724.9 4.8(1) 0.12(2)
218,13-208,12 199701.185† 18.00 724.9 4.8(1) ”
4.6±0.4 6±1 0.15 0.9±0.2
219,12-209,11 199748.641 17.10 762.1 (15) ...
219,13-209,12 199748.641† 17.10 762.1 (15) ...
214,18-204,17 199767.036 20.20 619.4 7.6(1) 0.16(2)
214,17-204,16 199786.638 20.20 619.4 (20,21) ...
2110,12-2010,11 199808.293 16.20 803.7 4.8(1) 0.10(2)
2110,11-2010,10 199808.293† 16.20 803.7 4.8(1) ”
213,19-203,18 199812.383† 20.60 604.0 7.1(1) ”
2111,10-2011,9 199878.285 15.20 849.4 4.8(1) 0.07(2)
2111,11-2011,10 199878.285† 15.20 849.4 4.8(1) ”
4.91±0.05 4.8±0.1 0.07 0.35±0.01
2112,10-2012,9 199957.463 14.10 899.4 6.9(1) 0.07(2)
2112,9-2012,8 199957.463† 14.10 899.4 6.9(1) ”
2113,9-2013,8 200045.057 13.00 953.5 (21,24) ...
2113,8-2013,7 200045.057† 13.00 953.5 (21,24) ...
2114,7-2014,6 200140.523 11.70 1011.8 (5,33) ...
2114,8-2014,7 200140.523† 11.70 1011.8 (5,33) ...
2115,7-2015,6 200243.454 10.30 1074.2 (34) ...
2115,6-2015,5 200243.454† 10.30 1074.2 (34) ...
213,18-203,17 200300.201 20.60 604.1 (16) ...
2116,5-2016,4 200353.532 8.81 1140.6 (5) ...
2116,6-2016,5 200353.532† 8.81 1140.6 (5) ...
211,20-201,19 202572.347 20.90 588.3 7.6(1,3) 0.61(2)
212,19-202,18 202679.195 20.80 593.8 4.9(1,6) 0.41(2)
221,22-211,21 202748.974 21.90 593.1 (19) ...
220,22-210,21 204237.302 22.00 592.5 (16) ...
222,21-212,20 207920.633 21.80 602.5 (22,35) ...
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
226,17-216,16 209172.681 20.40 673.5 3.2(1) 0.38(2)
226,16-216,15 209172.690† 20.40 673.5 3.2(1) ”
227,16-217,15 209179.585 19.80 702.0 6.8(1,6) 0.42(2)
227,15-217,14 209179.585† 19.80 702.0 6.8(1,6) ”
225,18-215,17 209204.884 20.90 649.3 (3) ...
225,17-215,16 209205.495† 20.90 649.3 (3) ...
228,15-218,14 209210.554† 19.10 735.0 (3) ...
228,14-218,13 209210.554† 19.10 735.0 (3) ...
229,14-219,13 209258.502 18.30 772.2 5.3(1) 0.36(2)
229,13-219,12 209258.502† 18.30 772.2 5.3(1) ”
224,19-214,18 209303.039 21.30 629.4 (20) ...
2210,13-2110,12 209319.726 17.50 813.7 (6) ...
2210,12-2110,11 209319.726† 17.50 813.7 (6) ...
224,18-214,17 209330.166 21.30 629.4 5.0(1,6) 0.41(2)
223,20-213,19 209336.713 21.60 614.0 6.4(1) 0.32(2)
2211,11-2111,10 209392.105 16.50 859.5 5.1(1,36) 0.30(2)
2211,12-2111,11 209392.105† 16.50 859.5 5.1(1,36) ”
2212,10-2112,9 209474.325 15.50 909.4 (3) ...
2212,11-2112,10 209474.325† 15.50 909.4 (3) ...
2213,9-2113,8 209565.512 14.30 963.6 (6) ...
2213,10-2113,9 209565.512† 14.30 963.6 (6) ...
2214,8-2114,7 209665.054 13.10 1021.9 (4) ...
2214,9-2114,8 209665.054† 13.10 1021.9 (4) ...
2215,8-2115,7 209772.494 11.80 1084.2 (6) ...
2215,7-2115,6 209772.494† 11.80 1084.2 (6) ...
2216,6-2116,5 209887.480 10.40 1150.7 (6) ...
2216,7-2116,6 209887.480† 10.40 1150.7 (6) ...
223,19-213,18 209947.176 21.60 614.1 (16) ...
231,23-221,22 211871.600 22.90 603.3 (6,37) ...
221,21-211,20 212026.781 21.90 598.4 3.6(1,38) 0.54(2)
222,20-212,19 212502.450 21.80 604.0 3.8(1) 0.43(2)
230,23-220,22 213243.952 23.00 602.7 5.5(1,6) 0.53(2)
232,22-222,21 217272.213 22.80 613.0 5.4(1) 0.32(2)
236,18-216,17 218687.527 21.40 684.0 (39) ...
236,17-216,16 218687.540† 21.40 684.0 (39) ...
237,17-217,16 218690.338† 20.90 712.5 (39) ...
237,16-217,15 218690.338† 20.90 712.5 (39) ...
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
238,16-228,15 218719.886 20.20 745.5 4.6(1) 0.24(2)
238,15-228,14 218719.886† 20.20 745.5 4.6(1) ”
4.5±0.2 5.3±0.4 0.22 1.25±0.11
235,19-225,18 218728.556 21.90 659.8 4.4(1) 0.60(2)
235,18-225,17 218729.470† 21.90 659.8 5.6(1) ”
239,15-219,14 218768.080 19.50 782.7 (40) ...
239,14-219,13 218768.080† 19.50 782.7 (40) ...
2310,14-2210,13 218830.701 18.70 824.2 5.9(1,36) 0.41(2)
2310,13-2210,12 218830.701† 18.70 824.2 5.9(1,36) ”
234,20-224,19 218841.664 22.30 639.9 4.8(1,41) 0.36(2)
233,21-223,20 218858.495 22.60 624.5 (42) ...
233,19-223,18 218878.637 22.30 640.0 (43) ...
2311,13-2211,12 218905.337 17.70 870.0 (44) ...
2311,12-2211,11 218905.337† 17.70 870.0 (44) ...
2312,11-2212,10 218990.497 16.70 919.9 (26) ...
2312,12-2212,11 218990.497† 16.70 919.9 (26) ...
2313,10-2213,9 219085.198 15.70 974.1 (6) ...
2313,11-2213,10 219085.198† 15.70 974.1 (6) ...
2314,9-2214,8 219188.751 14.50 1032.4 (42) ...
2314,10-2214,9 219188.751† 14.50 1032.4 (42) ...
2315,9-2215,8 219300.647 13.20 1094.8 (24,45) ...
2315,8-2215,7 219300.647† 13.20 1094.8 (24,45) ...
2316,7-2216,6 219420.494 11.90 1161.2 (5,6) ...
2316,8-2216,7 219420.494† 11.90 1161.2 (5,6) ...
233,20-223,19 219613.427 22.60 624.7 5.2(1) 0.33(2)
241,24-231,23 220986.100 23.90 613.9 (3,43,46) ...
231,22-221,21 221450.396 22.90 609.1 (3,20) ...
240,24-230,23 222242.403 24.00 613.4 (24) ...
232,21-222,20 222321.314 22.80 614.7 3.8(1,24) 0.52(2)
242,23-232,22 226611.392 23.80 623.8 6.1(1,6) 0.31(2)
247,18-237,17 228201.426 22.00 723.5 3.5(1,3) 0.74(2)
247,17-237,16 228201.426† 22.00 723.5 3.5(1,3) ”
246,19-236,18 228203.292† 22.50 694.9 6.0(1,3) ”
246,18-236,17 228203.314† 22.50 694.9 6.0(1,3) ”
248,17-238,16 228229.177 21.30 756.4 (6,9) ...
248,16-238,15 228229.177† 21.30 756.4 (6,9) ...
245,20-235,19 228254.096 23.00 670.7 (4) ...
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
245,19-235,18 228255.438† 23.00 670.7 (4) ...
249,16-239,15 228277.362 20.60 793.6 7.5(1) 0.16(2)
249,15-239,14 228277.362† 20.60 793.6 7.5(1) ”
2410,14-2310,13 228341.197 19.80 835.2 (6) ...
2410,15-2310,14 228341.197† 19.80 835.2 (6) ...
243,22-233,21 228376.959 23.60 635.5 3.4(1,6) 0.34(2)
244,21-234,20 228382.837 23.30 650.9 5.1(1,35) 0.39(2)
2411,13-2311,12 228417.952 19.00 880.9 (3,24) ...
2411,14-2311,13 228417.952† 19.00 880.9 (3,24) ...
244,20-234,19 228432.529 23.30 650.9 7.4(1,6) 0.43(2)
2412,13-2312,12 228505.949 18.00 930.9 3.8(1) 0.19(2)
2412,12-2312,11 228505.949† 18.00 930.9 3.8(1) ”
2413,12-2313,11 228604.080 17.00 985.1 3.0(1,5) 0.10(2)
2413,11-2313,10 228604.080† 17.00 985.1 3.0(1,5) ”
2414,10-2314,9 228711.576 15.80 1043.4 (4,5) ...
2414,11-2314,10 228711.576† 15.80 1043.4 (4,5) ...
2415,10-2315,9 228827.870 14.60 1105.8 (47) ...
2415,9-2315,8 228827.870† 14.60 1105.8 (47) ...
2416,8-2316,7 228952.532 13.30 1172.2 (5,6) ...
2416,9-2316,8 228952.532† 13.30 1172.2 (5,6) ...
243,21-233,20 229300.226 23.60 635.7 4.6(1) 0.32(2)
251,25-241,24 230092.805 24.90 624.9 5.4(1,48) 0.24(2)
4.4±0.2 6.8±0.5 0.28 2.01±0.11
241,23-231,22 230841.395 23.90 620.1 5.3(1) 0.25(2)
250,25-240,24 231235.244 25.00 624.5 2.9(1,3,49) 0.27(2)
242,22-232,21 232131.874 23.80 625.8 5.1(1,22,30) 0.21(2)
252,24-242,23 235937.871 24.80 635.2 (8) ...
257,19-247,18 237712.859 23.00 734.9 (4,14,50) ...
257,18-247,17 237712.860† 23.00 734.9 (4,50) ...
256,20-246,19 237720.014† 23.60 706.3 (4,14,50) ...
256,19-246,18 237720.048† 23.60 706.3 (4,14,50) ...
258,18-248,17 237738.424 22.40 767.8 5.3(1) 0.21(2)
258,17-248,16 237738.424† 22.40 767.8 5.3(1) ”
255,21-245,20 237781.568 24.00 682.1 1.6(1,14,33) 1.45(2)
255,20-245,19 237783.508† 24.00 682.1 4.0(1,14,33) ”
259,17-249,16 237786.333† 21.80 805.1 7.6(1,14,33) ”
259,16-249,15 237786.333† 21.80 805.1 7.6(1,14,33) ”
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2510,16-2410,15 237851.191 21.00 846.6 (15) ...
2510,15-2410,14 237851.191† 21.00 846.6 (15) ...
253,23-243,22 237891.307 24.60 646.9 (6) ...
254,22-244,21 237926.446 24.40 662.3 ∗∗ ...
2511,14-2411,13 237929.924† 20.20 892.3 ∗∗ ...
2511,15-2411,14 237929.924† 20.20 892.3 ∗∗ ...
254,21-244,20 237992.374 24.40 662.3 5.1(1) 0.40(2)
2512,13-2412,12 238020.647 19.20 942.3 (24,51) ...
2512,14-2412,13 238020.647† 19.20 942.3 (24,51) ...
2513,12-2413,11 238122.122 18.20 996.5 (5) ...
2513,13-2413,12 238122.122† 18.20 996.5 (5) ...
2514,11-2414,10 238233.490 17.20 1054.8 (4,5) ...
2514,12-2414,11 238233.490† 17.20 1054.8 (4,5) ...
2515,11-2415,10 238354.125 16.00 1117.2 (14) ...
2515,10-2415,9 238354.125† 16.00 1117.2 (14) ...
2516,9-2416,8 238483.550 14.80 1183.6 (6,52) ...
2516,10-2416,9 238483.550† 14.80 1183.6 (6,52) ...
253,22-243,21 239008.661 24.60 647.2 (53,54) ...
261,26-251,25 239192.072 26.00 636.4 5.9(1,53) 0.49(2)
251,24-241,23 240198.159 24.90 631.7 4.1(1,22,55) 0.57(2)
260,26-250,25 240224.647 26.00 636.0 (6) ...
252,23-242,22 241930.544 24.80 637.4 (15) ...
262,25-252,24 245251.394 25.80 646.9 3.7(1) 0.44(2)
267,20-257,19 247224.651 24.10 764.8 (10) ...
267,19-257,18 247224.652† 24.10 764.8 (10) ...
266,21-256,20 247237.730 24.60 718.2 1.7(1,3) 0.64(2)
266,20-256,19 247237.783† 24.60 718.2 1.7(1,3) ”
268,19-258,18 247247.622 23.50 779.7 (56) ...
268,18-258,17 247247.622† 23.50 779.7 (56) ...
269,18-259,17 247294.980 22.90 816.9 ∗∗ ...
269,17-259,16 247294.980† 22.90 816.9 ∗∗ ...
265,22-255,21 247311.034 25.00 694.0 2.9(1) 0.40(2)
265,21-255,20 247313.796† 25.00 694.0 6.3(1) ”
2610,16-2510,15 247360.661 22.20 858.1 2.8(1,3,9) 0.29(2)
2610,17-2510,16 247360.661† 22.20 858.1 2.8(1,3,9) ”
263,24-253,23 247400.726 25.70 658.8 5.2(1) 0.47(2)
2611,16-2511,15 247441.225 21.30 904.2 (57) ...
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2611,15-2511,14 247441.225† 21.30 904.2 (57) ...
264,23-254,22 247472.336 25.40 674.2 (6) ...
2612,15-2512,14 247534.560 20.50 954.2 3.1(1,49) 0.28(2)
2612,14-2512,13 247534.560† 20.50 954.2 3.1(1,49) ”
264,22-254,21 247558.766 25.40 674.2 (14) ...
2613,14-2513,13 247639.288 19.50 1008.4 (6) ...
2613,13-2513,12 247639.288† 19.50 1008.4 (6) ...
2614,13-2514,12 247754.455 18.50 1066.7 (4,5,12) ...
2614,12-2514,11 247754.455† 18.50 1066.7 (4,5,12) ...
2615,12-2515,11 247879.369 17.30 1129.1 (3) ...
2615,11-2515,10 247879.369† 17.30 1129.1 (3) ...
2616,10-2516,9 248013.505 16.20 1195.6 (58) ...
2616,11-2516,10 248013.505† 16.20 1195.6 (58) ...
271,27-261,26 248284.273 27.00 648.3 (10) ...
263,23-253,22 248739.558 25.70 659.1 (3) ...
270,27-260,26 249212.360 27.00 648.0 (15) ...
261,25-251,24 249519.327 25.90 643.6 (15) ...
262,24-252,23 251714.095 25.90 649.5 (20) ...
272,26-262,25 254551.752 26.80 659.2 (59) ...
277,21-267,20 256736.814 25.20 759.1 3.7(1,6) 0.19(2)
277,20-267,19 256736.815† 25.20 759.1 3.7(1,6) ”
276,22-266,21 256756.477 25.70 730.5 3.1(1) 0.60(2)
276,21-266,20 256756.557† 25.70 730.5 3.2(1) ”
278,20-268,19 256756.768† 24.60 792.0 3.4(1) ”
278,19-268,18 256756.768† 24.60 792.0 3.4(1) ”
279,19-269,18 256803.285 24.00 829.3 (20) ...
279,18-269,17 256803.285† 24.00 829.3 (20) ...
275,23-265,22 256842.547 26.10 706.3 (60) ...
275,22-265,21 256846.425† 26.10 706.3 (60) ...
2710,18-2610,17 256869.586 23.30 870.8 (11) ...
2710,17-2610,16 256869.586† 23.30 870.8 (11) ...
273,25-263,24 256904.390 26.70 671.1 (6) ...
2711,16-2611,15 256951.826 22.50 916.6 (6) ...
2711,17-2611,16 256951.826† 22.50 916.6 (6) ...
274,24-264,23 257020.309 26.40 686.5 7.5(1) 0.24(2)
2712,16-2612,15 257047.656 21.70 966.5 (24) ...
2712,15-2612,14 257047.656† 21.70 966.5 (24) ...
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
274,23-264,22 257132.364 26.40 686.6 ∗∗ ...
2713,14-2613,13 257155.544 20.70 1020.7 (54) ...
2713,15-2613,14 257155.544† 20.70 1020.7 (54) ...
281,28-271,27 257369.790 28.00 660.7 (14) ...
280,28-270,27 258199.737 28.00 660.4 (46,60) ...
273,24-263,23 258493.402 26.70 671.5 (3) ...
271,26-261,25 258803.871 26.90 656.1 5.9(1,60) 0.21(2)
272,25-262,24 261479.659 26.90 662.1 (6) ...
282,27-272,26 263838.783 27.80 671.8 5.9(1) 0.14(2)
287,22-277,21 266249.359 26.30 771.9 (4,13) ...
287,21-277,20 266249.360† 26.30 771.9 (4,13) ...
288,21-278,20 266265.858 25.70 804.8 (4,6) ...
288,20-278,19 266265.858† 25.70 804.8 (4,6) ...
286,23-276,22 266276.292† 26.70 743.3 (4,6) ...
286,22-276,21 266276.412† 26.70 743.3 (4,6) ...
289,20-279,19 266311.236 25.10 842.0 (61,62) ...
289,19-279,18 266311.236† 25.10 842.0 (61,62) ...
285,24-275,23 266376.157 27.10 719.1 3.9(1) 0.47(2)
2810,18-2710,17 266377.942† 24.40 883.6 5.9(1) ”
2810,19-2710,18 266377.942† 24.40 883.6 5.9(1) ”
285,23-275,22 266381.531† 27.10 719.1 8.6(1,4) ”
283,26-273,25 266401.477 27.70 683.9 5.0(1) 0.41(2)
4.6±0.3 7.4±0.2 0.34 2.71±0.15
291,29-281,28 266449.007 29.00 673.4 4.1(1,63) 0.35(2)
2811,18-2711,17 266461.701 23.70 929.3 5.1(1,34) 0.24(2)
2811,17-2711,16 266461.701† 23.70 929.3 5.1(1,34) ”
2812,16-2712,15 266559.903 22.90 979.3 4.5(1,55) 0.26(2)
2812,17-2712,16 266559.903† 22.90 979.3 4.5(1,55) ”
284,25-274,24 266570.122 27.40 699.3 5.8(1) 0.32(2)
2813,15-2713,14 266670.853 22.00 1033.5 (5,59) ...
2813,16-2713,15 266670.853† 22.00 1033.5 (5,59) ...
284,7-274,23 266713.893 27.40 699.4 (22,43) ...
2814,15-2714,14 266793.387 21.00 1091.8 8.8(1,4) 0.12(2)
2814,14-2714,13 266793.387† 21.00 1091.8 8.8(1,4) ”
2815,13-2715,12 266926.666 20.00 1154.3 5.7(1) 0.06(2)
2815,14-2715,13 266926.666† 20.00 1154.3 5.7(1) ”
2816,12-2716,11 267070.061 18.90 1220.7 (3,5,64) ...
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Tabla B.6: continued.
Transition Predicted S i j Eu vLS R ∆v TMB
∫
TMBdv
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 km s−1 (K) (K km s−1)
2816,13-2716,12 267070.061† 18.90 1220.7 (3,5,64) ...
290,29-280,28 267187.774 29.00 673.2 (6) ...
281,27-271,26 268051.179 27.90 668.9 5.5(1,55) 0.30(2)
283,25-273,24 268270.254 27.70 684.4 (49) ...
282,26-272,25 271224.695 27.90 675.1 (3) ...
292,28-282,27 273112.379 28.80 684.9 (15,24) ...
301,30-291,29 275522.307 30.00 686.7 (4,54) ...
297,23-287,22 275762.298 27.30 785.1 (14) ...
297,22-287,21 275762.301† 27.30 785.1 (14) ...
298,22-288,21 275774.887 26.80 818.0 (4,53,54) ...
298,21-288,20 275774.887† 26.80 818.0 (4,53,54) ...
296,24-286,23 275797.212 27.80 756.5 (4) ...
296,23-286,22 275797.389† 27.80 756.5 (4) ...
299,21-289,20 275818.817 26.20 855.3 (14,46,53) ...
299,20-289,19 275818.817† 26.20 855.3 (14,46,53) ...
2910,19-2810,18 275885.708 25.60 896.8 (53) ...
2910,20-2810,19 275885.708† 25.60 896.8 (53) ...
293,27-283,26 275891.168† 28.70 697.1 (53) ...
295,25-285,24 275911.903 28.10 732.3 (14,53) ...
295,24-285,23 275919.261† 28.10 732.3 (14,53) ...
2911,19-2811,18 275970.821 24.80 942.6 (64) ...
2911,18-2811,17 275970.821† 24.80 942.6 (64) ...
2912,17-2812,16 276071.268 24.00 992.6 (65) ...
2912,18-2812,17 276071.268† 24.00 992.6 (65) ...
294,26-284,25 276121.480 28.40 712.6 5.8(1,24) 0.31(2)
300,30-290,29 276177.161 30.00 686.5 (64) ...
2913,17-2813,16 276185.181 23.20 1046.8 (5,64) ...
2913,16-2813,15 276185.181† 23.20 1046.8 (5,64) ...
294,25-284,24 276304.154 28.40 712.6 (4,46) ...
2914,15-2814,14 276311.277 22.20 1105.1 (7) ...
2914,16-2814,15 276311.277† 22.20 1105.1 (7) ...
2915,15-2815,14 276448.638 21.20 1167.5 (66) ...
2915,14-2815,13 276448.638† 21.20 1167.5 (66) ...
2916,14-2816,13 276596.576 20.20 1234.0 (9) ...
2916,13-2816,12 276596.576† 20.20 1234.0 (9) ...
291,28-281,27 277261.129 28.90 682.2 4.0(1) 0.38(2)
293,26-283,25 278069.674 28.70 697.7 (15,36,55) ...
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Tabla A9. Emission lines of CH2CHCN 315 =1 present in the spectral scan of the Orion-KL from the
radio-telescope of IRAM 30-m. Column 1 indicates the line transition, Col. 2 gives the predicted
frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5 observed radial
velocities relative to the local system rest (vLS R), Col. 6 the line width, Col. 7 main beam temperature,
and Col. 8 shows the area of the line. † blended with the previous line. ∗∗ hole in the observed
spectrum.
(1) peak channel line observed velocity. (2) peak channel line intensity. (3) blended with HCOOCH3.
(4) blended with CH2CHCN. (5) blended with CH2CHCN 311=1. (6) blended with U-line. (7) blended
with CCH. (8) blended with 13CH3OH. (9) blended with CH213CHCN. (10) blended with CH3OH. (11)
blended with 34SO. (12) blended with CH3COOH 3t=0. (13) blended with t-CH3CH2OH. (14) blended
with (CH3)2CO. (15) blended with CH3CH2CN. (16) blended with SO2. (17) blended with
13CH3CH2CN. (18) blended with CH3C15N. (19) blended with DNCO. (20) blended with CH3CH2CN
313/321. (21) blended with HCC13CN 37=1. (22) blended with H13COOCH3. (23) blended with
HCOOCH3 3t=1. (24) blended with CH3OCH3. (25) blended with CH3OCOD. (26) blended with
HNCO. (27) blended with H2CCO. (28) blended with NS. (29) blended with CH2DCCH. (30) blended
with CH3CH2CN 320=1. (31) blended with 18OCS. (32) blended with SiS. (33) blended with HCCCN.
(34) blended with CH3CH2C15N. (35) blended with H2C3. (36) blended with |g+-g−|-CH3CH2OH. (37)
blended with SO18O. (38) blended with CH3CHO. (39) blended with HCCCN 36=1. (40) blended with
H2CO. (41) blended with HN13CO. (42) blended with HCCCN 37=1. (43) blended with 33SO2. (44)
blended with OCS. (45) blended with DNCS. (46) blended with CH3CN 38=1. (47) blended with
HCCCN 37=2. (48) blended with H13CCCN 37=1. (49) blended with 13CH2CHCN. (50) blended with
HCCCN 36+37. (51) blended with H13CCCN ν=0. (52) blended with CH2CHCN 310/311315. (53)
blended with CH3CN. (54) blended with CH313CN. (55) blended with HCOO13CH3. (56) blended with
CH313CH2CN. (57) blended with 34SO2. (58) blended with HDCS. (59) blended with O13CS. (60)
blended with CH2CHCN 311=3. (61) blended with HCCCN 37=3. (62) blended with DCOOCH3. (63)
blended with H13COOCH3. (64) blended with NH2CHO. (65) blended with CH3OD. (66) blended with
g−-CH3CH2OH.
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Tabla B.7: Detected lines of CH2CHCN 310=1⇔(311=1,315=1) .
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
91,9,0-81,8,0 83116.219 8.89 830.7 4.4 83116.4 0.02 0.01
91,9,1-81,8,1 83527.527 8.89 834.3 1.9 83528.4 0.03 0.01
90,9,0-80,8,0 84834.239 8.99 829.0 7.4 84833.6 0.01 0.01
92,9,0-82,8,0 85222.373 8.55 837.7 (3) ... ... ...
93,7,0-83,6,0 85340.554 8.00 848.4 (4) ... ... ...
93,6,0-83,5,0 85348.444 8.00 848.4 (5) ... ... ...
90,9,1-80,8,1 85486.459 8.99 832.6 (5) ... ... ...
92,8,1-82,7,1 85655.927 8.55 841.3 (6) ... ... ...
92,7,0-82,6,0 85661.661 8.55 837.7 6.9 85661.1 0.02 0.01
93,7,1-83,6,1 85784.891 8.00 852.1 (6) ... ... ...
93,6,1-83,5,1 85792.783 8.00 852.1 (5) ... ... ...
92,7,1-82,6,1 86079.867 8.56 841.4 (7) ... ... ...
91,8,0-81,7,0 87008.941 8.88 831.7 (8) ... ... ...
91,8,1-81,7,1 87661.428 8.89 835.3 (9) ... ... ...
101,10,0-91,9,0 92325.160 9.90 835.2 4.7 92325.3 0.03 0.01
101,10,1-91,9,1 92783.148 9.90 838.7 7.8 92782.3 0.01 0.01
100,10,0-90,9,0 94154.846 9.99 833.5 (10) ... ... ...
102,9,0-92,8,0 94670.177 9.60 842.2 (5) ... ... ...
104,7,0-94,6,0 94814.331 8.40 868.0 (11) ... ... ...
104,6,0-94,5,0 94814.446† 8.40 868.0 (11) ... ... ...
105,6,0-95,5,0 94814.769† 7.50 887.3 (11) ... ... ...
105,5,0-95,4,0 94814.770† 7.50 887.3 (11) ... ... ...
106,4,0-96,3,0 94826.374 6.40 910.9 3.8(12) 94826.7 0.04 0.01
106,5,0-96,4,0 94826.374† 6.40 910.9 3.8(12) 94826.7 ” 0.01
103,8,0-93,7,0 94832.745 9.10 853.0 (13) ... ... ...
107,3,0-97,2,0 94844.899 5.10 938.7 2.3(14) 94847.2 0.03 0.02
107,4,0-97,3,0 94844.899† 5.10 938.7 2.3(14) 94847.2 ” 0.02
103,7,0-93,6,0 94846.260† 9.10 853.0 2.0(5) 94847.2 ” 0.02
100,10,1-90,9,1 94912.300 9.98 837.2 (15) ... ...
102,9,1-92,8,1 95152.572 9.60 845.9 6.1 95152.2 0.02 0.01
102,8,0-92,7,0 95271.845 9.60 842.3 (13) ... ...
105,6,1-95,5,1 95310.019 7.50 891.3 8.5 95308.9 0.02 0.03
105,5,1-95,4,1 95310.019† 7.50 891.3 8.5 95308.9 ” 0.03
104,7,1-94,6,1 95310.299† 8.40 871.9 8.6 95308.9 ” 0.03
104,6,1-94,5,1 95310.415† 8.40 871.9 8.2 95308.9 ” 0.03
103,8,1-93,7,1 95326.489 9.10 856.7 (15) ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
103,7,1-93,6,1 95340.001 9.10 856.7 (5) ... ...
102,8,1-92,7,1 95732.327 9.60 845.9 (8,10,16) ... ...
101,9,0-91,8,0 96606.793 9.89 836.3 (9) ... ...
101,9,1-91,8,1 97360.687 9.90 840.0 6.6 97359.4 0.02 0.02
111,11,0-101,10,0 101526.437 10.90 840.0 5.8 101526.1 0.02 0.01
111,11,1-101,10,1 102031.365 10.90 843.6 (17) ... ...
110,11,0-100,10,0 103444.142 11.00 838.5 (5) ... ...
112,10,0-102,9,0 104111.416 10.60 847.2 (16) ... ...
113,9,0-103,8,0 104327.440 10.20 858.0 1.6(5) 104328.6 0.04 0.02
110,11,1-100,10,1 104336.175 11.00 842.2 (11) ... ...
113,8,0-103,7,0 104349.379 10.20 858.0 5.7 104349.1 0.04 0.01
112,10,1-102,9,1 104642.751 10.60 850.9 (5) ... ... ...
115,7,1-105,6,1 104844.640 8.73 896.4 3.7 104845.1 0.02 0.02
115,6,1-105,5,1 104844.640† 8.73 896.4 3.7 104845.1 ” 0.02
114,8,1-104,7,1 104848.285 9.54 876.9 1.2(5) 104849.6 0.05 0.03
114,7,1-104,6,1 104848.518† 9.54 876.9 1.9(5) 104849.6 ” 0.03
116,5,1-106,4,1 104853.585 7.73 920.1 (5) ... ... ...
116,6,1-106,5,1 104853.585† 7.73 920.1 (5) ... ... ...
113,9,1-103,8,1 104870.596 10.20 861.8 8.6 104869.1 ” 0.03
113,8,1-103,7,1 104892.520 10.20 861.8 6.2(5) 104892.1 ” 0.02
112,9,0-102,8,0 104909.295 10.60 847.3 (5) ... ... ...
112,9,1-102,8,1 105410.258 10.60 851.0 (5) ... ... ...
111,10,0-101,9,0 106163.213 10.90 841.4 4.2(18) 106163.5 0.03 0.02
111,10,1-101,9,1 107046.236 10.90 845.1 (16,19) ... ... ...
121,12,0-111,11,0 110719.577 11.90 845.3 (20) ... ... ...
121,12,1-111,11,1 111271.769 11.90 849.0 7.0 111271.0 0.02 0.02
120,12,0-110,11,0 112700.451 12.00 843.9 (5) ... ... ...
122,11,0-112,10,0 113545.506 11.70 852.7 5.2 113545.4 0.04 0.02
120,12,1-110,11,1 113781.503 11.90 847.6 (5) ... ... ...
125,8,0-115,7,0 113785.826 9.92 897.8 7.4 113784.9 0.06 0.04
125,7,0-115,6,0 113785.826† 9.92 897.8 7.4 113784.9 ” 0.04
124,9,0-114,8,0 113792.904 10.70 878.5 (10) ... ... ...
124,8,0-114,7,0 113793.334† 10.70 878.5 (10) ... ... ...
126,7,0-116,6,0 113795.698† 9.00 921.3 (10) ... ... ...
126,6,0-116,5,0 113795.699† 9.00 921.3 (10) ... ... ...
127,5,0-117,4,0 113815.528 7.92 949.1 (5) ... ... ...
127,6,0-117,5,0 113815.528† 7.92 949.1 (5) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
123,10,0-113,9,0 113824.589 11.20 863.5 4.1(5) 113824.9 0.05 0.02
128,4,0-118,3,0 113842.462 6.67 981.1 (6) ... ... ...
128,5,0-118,4,0 113842.462† 6.67 981.1 (6) ... ... ...
123,9,0-113,8,0 113858.669 11.20 863.5 (9) ... ... ...
122,11,1-112,10,1 114125.856 11.70 856.4 4.8 114126.0 0.05 0.02
125,8,1-115,7,1 114380.292 9.92 901.9 7.2(5) 114379.5 0.06 0.03
125,7,1-115,6,1 114380.295† 9.92 901.9 7.2(5) 114379.5 ” 0.03
126,6,1-116,5,1 114387.936 9.00 925.6 5.1 114387.9 0.05 0.06
126,7,1-116,6,1 114387.936† 9.00 925.6 5.1 114387.9 ” 0.06
124,9,1-114,8,1 114388.228† 10.70 882.4 5.8 114387.9 ” 0.06
124,8,1-114,7,1 114388.664† 10.70 882.4 7.0 114387.9 ” 0.06
127,5,1-117,4,1 114404.814 7.92 953.7 (5) ... ... ...
127,6,1-117,5,1 114404.814† 7.92 953.7 (5) ... ... ...
123,10,1-113,9,1 114417.159 11.30 867.2 (5) ... ... ...
128,4,1-118,3,1 114428.365 6.67 986.0 (5) ... ... ...
128,5,1-118,4,1 114428.365† 6.67 986.0 (5) ... ... ...
123,9,1-113,8,1 114451.201 11.20 867.3 5.7(21) 114451.0 0.05 0.02
129,3,1-119,2,1 114457.414 5.25 1022.6 (5) ... ... ...
129,4,1-119,3,1 114457.414† 5.25 1022.6 (5) ... ... ...
122,10,0-112,9,0 114575.211 11.70 852.8 (9,13,17) ... ... ...
122,10,1-112,9,1 115114.546 11.70 852.8 (9) ... ... ...
140,14,0-130,13,0 131110.736 14.00 856.1 (22) ... ... ...
142,13,0-132,12,0 132389.964 13.70 864.9 3.0 132390.8 0.04 0.04
145,10,0-135,9,0 132761.289 12.20 910.1 (5) ... ... ...
145,9,0-135,8,0 132761.289† 12.20 910.1 (5) ... ... ...
146,9,0-136,8,0 132767.225 11.40 933.6 (5) ... ... ...
146,8,0-136,7,0 132767.225† 11.40 933.6 (5) ... ... ...
144,11,0-134,10,0 132779.853 12.90 890.8 (5) ... ... ...
144,10,0-134,9,0 132781.150† 12.90 890.8 (5) ... ... ...
147,7,0-137,6,0 132787.052 10.50 961.4 (5) ... ... ...
147,8,0-137,7,0 132787.052† 10.50 961.4 (5) ... ... ...
148,6,0-138,5,0 132816.346 9.43 993.4 (6) ... ... ...
148,7,0-138,6,0 132816.346† 9.43 993.4 (6) ... ... ...
143,12,0-133,11,0 132825.660 13.40 875.7 (5) ... ... ...
149,5,0-139,4,0 132853.033 8.21 1029.7 5.7 132852.7 0.03 0.02
149,6,0-139,5,0 132853.033† 8.21 1029.7 5.7 132852.7 ” 0.02
143,11,0-133,10,0 132899.724 13.40 875.8 (15) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
140,14,1-130,13,1 132961.899 13.70 859.9 (15) ... ... ...
142,13,1-132,12,1 133068.465 13.70 868.7 (15,23) ... ... ...
144,11,1-134,10,1 133474.605 12.90 894.8 (17) ... ... ...
144,10,1-134,9,1 133475.918† 12.90 894.8 (17) ... ... ...
143,12,1-133,11,1 133517.060 13.40 879.6 5.5 133517.7 0.06 0.04
143,11,1-133,10,1 133590.958 13.40 879.6 5.5(1,5) 133590.7 0.09 0.04
142,12,0-132,11,0 133993.089 13.70 865.2 (24) ... ... ...
141,13,0-131,12,0 134189.516 13.70 859.4 (25) ... ... ...
142,12,1-132,11,1 134602.064 13.70 869.0 5.8 134601.7 0.05 0.04
141,13,1-131,12,1 136004.544 13.90 863.3 5.5(5) 136004.3 0.07 0.04
151,15,0-141,14,0 138246.549 14.90 863.9 (5) ... ... ...
151,15,1-141,14,1 138945.734 14.90 867.7 (5) ... ... ...
150,15,0-140,14,0 140264.937 15.00 862.8 (5) ... ... ...
152,14,0-142,13,0 141799.230 14.70 871.7 4.1(14) 141799.6 0.06 0.05
155,11,0-145,10,0 142250.898 13.30 916.9 3.5(26) 142251.6 0.22 0.08
155,10,0-145,9,0 142250.920† 13.30 916.9 3.5(26) 142251.6 ” 0.08
156,10,0-146,9,0 142253.927 12.60 940.4 (26) ... ... ...
156,9,0-146,8,0 142253.927† 12.60 940.4 (26) ... ... ...
157,8,0-147,7,0 142273.196 11.70 968.2 (16) ... ... ...
157,9,0-147,8,0 142273.196† 11.70 968.2 (16) ... ... ...
154,12,0-144,11,0 142276.833 13.90 897.6 (11) ... ... ...
154,11,0-144,10,0 142278.953† 13.90 897.6 (11) ... ... ...
158,7,0-148,6,0 142303.312 10.70 1000.3 (5) ... ... ...
158,8,0-148,7,0 142303.312† 10.70 1000.3 (5) ... ... ...
153,13,0-143,12,0 142329.090 14.40 882.6 (6) ... ... ...
153,12,0-143,11,0 142433.732 14.40 882.6 (5) ... ... ...
152,14,1-142,13,1 142526.819 14.70 875.5 (15) ... ... ...
151,14,0-140,14,1 142865.530 14.60 866.8 (5) ... ... ...
155,11,1-145,10,1 142994.345 13.30 921.1 4.4 142994.7 0.12 0.11
155,10,1-145,9,1 142994.367† 13.30 921.1 4.4 142994.7 ” 0.11
156,10,1-146,9,1 142994.609† 12.60 944.9 4.9 142994.7 ” 0.11
156,9,1-146,8,1 142994.609† 12.60 944.9 4.9 142994.7 ” 0.11
154,12,1-144,11,1 143021.325 13.90 901.6 (10) ... ... ...
154,11,1-144,10,1 143023.471† 13.90 901.6 (10) ... ... ...
153,13,1-143,12,1 143069.898 14.40 886.5 (24) ... ... ...
153,12,1-143,11,1 143174.237 14.40 886.5 (11,25) ... ... ...
152,13,0-142,12,0 143742.742 14.70 872.1 (27) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
152,13,1-142,12,1 144383.139 14.70 875.9 (5) ... ... ...
151,14,1-141,13,1 145619.786 14.90 870.3 (5) ... ... ...
161,16,0-151,15,0 147403.907 15.90 871.0 (6) ... ... ...
161,16,1-151,15,1 148159.353 16.00 874.8 (5) ... ... ...
160,16,0-150,15,0 149386.665 16.00 870.0 (5) ... ... ...
162,15,0-152,14,0 151199.144 15.70 879.0 (5) ... ... ...
160,16,1-150,15,1 151701.771 15.50 873.5 (9) ... ... ...
166,11,0-156,10,0 151741.314 13.70 947.7 (5) ... ... ...
166,10,0-156,9,0 151741.314† 13.70 947.7 (5) ... ... ...
165,12,0-155,11,0 151741.881† 14.40 924.2 (5) ... ... ...
165,11,0-155,10,0 151741.920† 14.40 924.2 (5) ... ... ...
167,9,0-157,8,0 151759.617 12.90 975.5 (5) ... ... ...
167,10,0-157,9,0 151759.617† 12.90 975.5 (5) ... ... ...
164,13,0-154,12,0 151776.321 15.00 904.9 (8,14) ... ... ...
164,12,0-154,11,0 151779.673† 15.00 904.9 (8,14) ... ... ...
168,8,0-158,7,0 151790.294 12.00 1007.6 (6,28) ... ... ...
168,9,0-158,8,0 151790.294† 12.00 1007.6 (6,28) ... ... ...
169,7,0-159,6,0 151830.306 10.90 1043.8 (5) ... ... ...
169,8,0-159,7,0 151830.306† 10.90 1043.8 (5) ... ... ...
163,14,0-153,13,0 151833.987 15.40 889.9 (5) ... ... ...
1610,6,0-1510,5,0 151878.053 9.75 1084.2 (5) ... ... ...
1610,7,0-1510,6,0 151878.053† 9.75 1084.2 (5) ... ... ...
162,15,1-152,14,1 151975.804 15.70 882.8 (5,15) ... ... ...
163,13,0-153,12,0 151978.400† 15.40 889.9 (15) ... ... ...
166,11,1-156,10,1 152531.524 13.80 952.2 (6,16) ... ... ...
166,10,1-156,9,1 152531.525† 13.80 952.2 (6,16) ... ... ...
165,12,1-155,11,1 152535.030† 14.40 928.4 (6,16) ... ... ...
165,11,1-155,10,1 152535.030† 14.40 928.4 (6,16) ... ... ...
167,9,1-157,8,1 152545.943 12.90 980.2 (16,25) ... ... ...
167,10,1-157,9,1 152545.943† 12.90 980.2 (16,25) ... ... ...
164,13,1-151,12,1 152570.571 15.00 908.9 (25) ... ... ...
168,8,1-158,7,1 152572.162† 12.00 1012.6 (25) ... ... ...
168,9,1-158,8,1 152572.162† 12.00 1012.6 (25) ... ... ...
164,12,1-154,11,1 152573.963† 15.00 908.9 (25) ... ... ...
163,14,1-153,13,1 152624.196 15.40 893.8 (25,29) ... ... ...
163,13,1-153,12,1 152768.087 15.40 893.8 (5,30) ... ... ...
161,15,0-151,14,0 152953.043 15.60 874.1 (17) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
162,14,0-152,13,0 153515.926 15.70 879.5 (6,15) ... ... ...
162,14,1-152,13,1 154186.204 15.70 883.3 (31) ... ... ...
161,15,1-151,14,1 155214.581 15.90 877.7 (5,32) ... ... ...
171,17,0-161,16,0 156551.903 16.90 878.5 5.3(6,33) 156551.7 0.21 0.07
171,17,1-161,16,1 157388.716 17.00 882.3 (9,22) ... ... ...
170,17,0-160,16,0 158477.998 17.00 877.3 5.0(22,34) 158478.0 0.16 0.07
170,17,1-160,16,1 160318.641 16.60 881.2 (5) ... ... ...
172,16,0-162,15,0 160589.194 16.80 886.7 (6) ... ... ...
176,12,0-166,11,0 161229.432 14.90 955.5 (5) ... ... ...
176,11,0-166,10,0 161229.432† 14.90 955.5 (5) ... ... ...
175,13,0-165,12,0 161234.324 15.50 931.9 (5) ... ... ...
175,12,0-165,11,0 161234.393† 15.50 931.9 (5) ... ... ...
177,10,0-167,9,0 161246.336 14.10 983.3 4.4 161246.6 0.08 0.06
177,11,0-167,10,0 161246.336† 14.10 983.3 4.4 161246.6 ” 0.06
174,14,0-164,13,0 161278.428 16.10 912.6 (10) ... ... ...
174,13,0-164,12,0 161283.577† 16.10 912.6 (10) ... ... ...
173,15,0-163,14,0 161339.906 16.50 897.6 (26) ... ... ...
172,16,1-162,15,1 161414. 896 16.80 890.6 (6,15) ... ... ...
173,14,0-163,13,0 161535.119 16.50 897.6 (25,35) ... ... ...
176,12,1-166,11,1 162069.195 14.90 959.9 (16) ... ... ...
176,11,1-166,10,1 162069.196† 14.90 959.9 (16) ... ... ...
175,13,1-165,12,1 162077.201 15.50 936.2 (16,32) ... ... ...
175,12,1-165,11,1 162077.272† 15.50 936.2 (16,32) ... ... ...
177,10,1-167,9,1 162081.986 14.10 988.0 (6) ... ... ...
177,11,1-167,10,1 162081.986† 14.10 988.0 (6) ... ... ...
178,9,1-168,8,1 162108.225 13.20 1020.3 5.6 162107.9 0.07 0.05
178,10,1-168,9,1 162108.225† 13.20 1020.3 5.6 162107.9 ” 0.05
174,14,1-164,13,1 162122.451 16.10 916.7 (6) ... ... ...
174,13,1-164,12,1 162127.658† 16.10 916.7 (6) ... ... ...
173,15,1-163,14,1 162179.504 16.50 901.6 (16) ... ... ...
173,14,1-163,13,1 162373.856 16.50 901.6 (5,36) ... ... ...
171,16,0-161,15,0 162983.178 16.80 882.0 (5,37) ... ... ...
172,15,0-162,14,0 163308.243 16.80 887.3 (6) ... ... ...
172,15,1-162,14,1 164008.063 16.80 891.2 (5) ... ... ...
171,16,1-161,15,1 164788.583 16.90 885.6 (38) ... ... ...
181,18,0-171,17,0 165690.522 17.90 886.5 (13) ... ... ...
181,18,1-171,17,1 167014.982 15.50 890.3 4.4(18) 167015.4 0.08 0.07
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
180,18,0-170,17,0 167541.662 18.00 885.6 (39) ... ... ...
180,18,1-170,17,1 169061.834 17.80 889.4 (9) ... ... ...
182,17,0-172,16,0 169968.890 17.80 894.9 6.1 169968.3 0.12 0.07
186,13,0-176,12,0 170718.325 16.00 963.7 1.7 (25) 170720.2 0.12 0.09
186,12,0-176,11,0 170718.326† 16.00 963.7 1.7(25) 170720.2 ” 0.09
185,14,0-175,13,0 170728.317 16.60 940.1 5.2 170728.2 0.17 0.10
185,13,0-175,12,0 170728.435† 16.60 940.1 5.2 170728.2 ” 0.10
187,11,0-177,10,0 170733.369 15.30 991.5 (5) ... ... ...
187,12,0-177,11,0 170733.369† 15.30 991.5 (5) ... ... ...
188,10,0-178,9,0 170764.312 14.40 1023.5 (24) ... ... ...
188,11,0-178,10,0 170764.312† 14.40 1023.5 (24) ... ... ...
184,15,0-174,14,0 170783.246 17.10 920.8 (5) ... ... ...
184,14,0-174,13,0 170790.954† 17.10 920.8 (5) ... ... ...
189,9,0-179,8,0 170806.886 13.50 1059.7 6.1 170806.2 0.09 0.04
189,10,0-179,9,0 170806.886† 13.50 1059.7 6.1 170806.2 ” 0.04
182,17,1-172,16,1 170843.596 17.80 898.8 2.6 170844.9 0.06 0.12
183,16,0-173,15,0 170846.327† 17.50 905.8 7.4 170844.9 ” 0.12
1810,8,0-1710,7,0 170858.856 12.40 1100.2 7.2 170857.6 0.07 0.03
1810,9,0-1710,8,0 170858.856† 12.40 1100.2 7.2 170857.6 ” 0.03
1811,7,0-1711,6,0 170918.936 11.30 1144.7 5.8(15) 170918.4 0.07 0.03
1811,8,0-1711,7,0 170918.936† 11.30 1144.7 5.8(15) 170918.4 ” 0.03
183,15,0-173,14,0 171105.377 17.50 905.9 (5,34) ... ... ...
186,13,1-176,12,1 171607.666 16.00 968.2 4.1(32) 171608.2 0.12 0.09
186,12,1-176,11,1 171607.667† 16.00 968.2 4.1(32) 171608.2 ” 0.09
187,12,1-177,11,1 171618.371 15.30 996.2 (40) ... ... ...
187,11,1-177,10,1 171618.371† 15.30 996.2 (40) ... ... ...
185,14,1-175,13,1 171620.943† 16.60 944.4 (40) ... ... ...
185,13,1-175,12,1 171621.063† 16.60 944.4 (40) ... ... ...
188,10,1-178,9,1 171644.336 14.40 1028.6 (11) ... ... ...
188,11,1-178,10,1 171644.336† 14.40 1028.6 (11) ... ... ...
184,15,1-174,14,1 171677.053 17.10 925.0 (5,32) ... ... ...
189,9,1-179,8,1 171681.532 13.50 1065.2 (41) ... ... ...
189,10,1-179,9,1 171681.532† 13.50 1065.2 (41) ... ... ...
184,14,1-174,13,1 171684.845† 17.10 925.0 (41) ... ... ...
183,16,1-173,15,1 171735.300 17.50 909.8 (16) ... ... ...
183,15,1-173,14,1 171992.981 17.50 909.9 (6) ... ... ...
181,17,0-171,16,0 172430.747 15.70 890.2 (42) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
182,16,0-172,15,0 173114.009 17.80 895.7 (6) ... ... ...
182,16,1-172,15,1 173844.831 17.80 899.5 (25) ... ... ...
181,17,1-171,16,1 174341.970 17.90 894.0 (30,41) ... ... ...
181,18,1-171,17,1 174555.409 22.30 890.3 (5) ... ... ...
191,19,0-181,18,0 174819.822 18.90 894.9 6.0(5) 174819.3 0.17 0.07
191,19,1-181,18,1 174921.452 9.50 898.7 (7) ... ... ...
190,19,0-180,18,0 176580.881 19.00 894.1 (6) ... ... ...
191,19,1-181,17,0 177046.114 9.60 898.7 (5) ... ... ...
190,19,1-180,18,1 177921.209 18.90 897.9 (5,27) ... ... ...
212,20,0-202,19,0 198041.306 20.80 922.0 (16) ... ... ...
212,20,1-202,19,1 199062.857 20.80 926.1 6.0 199062.2 0.08 0.10
216,16,0-206,15,0 199190.101 19.30 991.0 7.5(5,16) 199188.4 0.15 0.15
216,15,0-206,14,0 199190.107† 19.30 991.0 7.5(5,16) 199188.4 ” 0.15
217,14,0-207,13,0 199196.532 18.70 1018.8 4.0 199197.1 0.14 0.13
217,15,0-207,14,0 199196.532† 18.70 1018.8 4.0 199197.1 ” 0.13
215,17,0-205,16,0 199220.464 19.80 967.4 6.2 199219.6 0.28 0.16
215,16,0-205,15,0 199220.944† 19.80 967.4 6.9 199219.6 ” 0.16
218,13,0-208,12,0 199225.484 18.00 1050.8 (13,25) ... ... ...
218,14,0-208,13,0 199225.484† 18.00 1050.8 (13,25) ... ... ...
219,12,0-209,11,0 199270.271 17.10 1087.1 (31) ... ... ...
219,13,0-209,12,0 199270.271† 17.10 1087.1 (31) ... ... ...
214,18,0-204,17,0 199314.525 20.20 948.1 (26) ... ... ...
2110,11,0-2010,10,0 199327.407 16.20 1127.5 (43) ... ... ...
2110,12,0-2010,11,0 199327.407† 16.20 1127.5 (43) ... ... ...
214,17,0-204,16,0 199337.294 20.20 948.1 (5) ... ... ...
213,19,0-203,18,0 199362.384 20.60 933.1 (6) ... ... ...
213,18,0-203,17,0 199913.409 20.60 933.3 5.0(15) 199913.4 0.04 0.10
216,16,1-206,15,1 200228.409 19.30 995.6 3.0 200229.6 0.22 0.21
216,15,1-206,14,1 200228.329† 19.30 995.6 3.0 200229.6 ” 0.21
217,15,1-207,14,1 200229.751† 18.70 1023.7 5.2 200229.6 ” 0.21
217,14,1-207,13,1 200229.751† 18.70 1023.7 5.2 200229.6 ” 0.21
218,13,1-208,12,1 200252.965 18.00 1056.0 (5) ... ... ...
218,14,1-208,13,1 200252.965† 18.00 1056.0 (5) ... ... ...
215,17,1-205,16,1 200262.469 19.80 971.9 (6,26) ... ... ...
215,16,1-205,15,1 200262.959† 19.80 971.9 (6,26) ... ... ...
219,12,1-209,11,1 200291.540 17.10 1092.6 (24) ... ... ...
219,13,1-209,12,1 200291.540† 17.10 1092.6 (24) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
2110,11,1-2010,10,1 200342.178 16.20 1133.4 (26,35) ... ... ...
2110,12,1-2010,11,1 200342.178† 16.20 1133.4 (26,35) ... ... ...
214,18,1-204,17,1 200357.737 20.20 952.4 7.7(32) 200355.9 0.09 0.09
214,17,1-204,16,1 200380.722 20.20 952.4 (15,44) ... ... ...
213,19,1-203,18,1 200399.365 20.60 937.3 6.4(5) 200398.4 0.13 0.10
2111,10,1-2011,9,1 200403.025† 15.20 1178.5 6.1(5) 200398.4 ” 0.10
2111,11,1-2011,10,1 200403.025† 15.20 1178.5 6.1(5) 200398.4 ” 0.10
2112,9,1-2012,8,1 200472.962 14.10 1227.6 (6,25) ... ... ...
2112,10,1-2012,9,1 200472.962† 14.10 1227.6 (6,25) ... ... ...
2113,8,1-2013,7,1 200551.259 13.00 1281.0 (30,45) ... ... ...
2113,9,1-2013,8,1 200551.259† 13.00 1281.0 (30,45) ... ... ...
213,18,1-203,17,1 200945.742 20.60 937.4 4.9 200945.8 0.06 0.10
211,20,0-201,19,0 201771.285 20.90 917.9 (5) ... ... ...
221,22,0-211,21,0 202153.351 21.90 922.7 (46) ... ... ...
212,19,0-202,18,0 202542.789 20.80 923.4 (15,25) ... ... ...
211,20,1-201,19,1 202884.847 20.90 921.8 (20,32) ... ... ...
221,22,1-211,21,1 203176.295 22.00 926.7 (47) ... ... ...
212,19,1-202,18,1 203399.100 20.80 927.4 (16,24) ... ... ...
220,22,0-213,21,0 203587.506 22.00 922.1 4.4 203584.8 0.10 0.12
220,22,1-210,21,1 204780.110 22.00 926.1 (10) ... ... ...
222,21,0-212,20,0 207375.176 21.80 932.0 (6) ... ... ...
222,21,1-212,20,1 208445.721 21.80 936.1 (16,21) ... ... ...
226,17,0-216,16,0 208682.541 20.40 1001.0 (5) ... ... ...
226,16,0-216,15,0 208682.551† 20.40 1001.0 (5) ... ... ...
227,16,0-217,15,0 208684.999† 19.80 1028.8 (5) ... ... ...
227,15,0-217,14,0 208685.000† 19.80 1028.8 (5) ... ... ...
228,14,0-218,13,0 208712.583 19.10 1060.8 (24) ... ... ...
228,15,0-218,14,0 208712.583† 19.10 1060.8 (24) ... ... ...
225,18,0-215,17,0 208721.517 20.90 977.4 (24) ... ... ...
225,17,0-215,16,0 208722.249† 20.90 977.4 (24) ... ... ...
229,13,0-219,12,0 208757.625 18.30 1097.1 (5) ... ... ...
229,14,0-219,13,0 208757.625† 18.30 1097.1 (5) ... ... ...
2210,12,0-2110,11,0 208816.140 17.50 1137.5 5.4 208815.8 0.06 0.05
2210,13,0-2110,12,0 208816.140† 17.50 1137.5 5.4 208815.8 ” 0.05
224,19,0-214,18,0 208830.610 21.30 958.2 5.5(48) 208830.2 0.11 0.09
224,18,0-214,17,0 208862.131 21.30 958.2 3.3(48) 208863.3 0.22 0.18
223,20,0-213,19,0 208864.301† 21.60 943.2 6.5(48) 208863.3 ” 0.18
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
223,19,0-213,18,0 209554.019 21.60 943.3 (15,32) ... ... ...
227,16,1-217,15,1 209767.678 19.80 1033.8 4.1 209768.3 0.26 0.20
227,15,1-217,14,1 209767.678† 19.80 1033.8 4.1 209768.3 ” 0.20
226,17,1-216,16,1 209770.437† 20.40 1005.7 8.1 209768.3 ” 0.20
226,16,1-216,15,1 209770.447† 20.40 1005.7 8.1 209768.3 ” 0.20
228,14,1-218,13,1 209789.275 19.10 1066.1 6.8(15) ... 0.09 0.08
228,15,1-218,14,1 209789.275† 19.10 1066.1 6.8(15) ... ” 0.08
225,18,1-215,17,1 209813.357 20.90 981.9 (10) ... ... ...
225,17,1-215,16,1 209814.103† 20.90 981.9 (10) ... ... ...
229,13,1-219,12,1 209827.835 18.30 1102.7 (22) ... ... ...
229,14,1-219,13,1 209827.835† 18.30 1102.7 (22) ... ... ...
2210,12,1-2110,11,1 209879.560 17.50 1143.5 (16) ... ... ...
2210,13,1-2110,12,1 209879.560† 17.50 1143.5 (16) ... ... ...
224,19,1-214,18,1 209923.627 21.30 962.5 (6) ... ... ...
2211,11,1-2111,10,1 209942.321 16.50 1188.5 (24) ... ... ...
2211,12,1-2111,11,1 209942.321† 16.50 1188.5 (24) ... ... ...
223,20,1-213,19,1 209950.571 21.60 947.4 (24) ... ... ...
224,18,1-214,17,1 209955.430† 21.30 962.5 (24) ... ... ...
2212,10,1-2112,9,1 210014.831 15.50 1237.7 (5) ... ... ...
2212,11,1-2112,10,1 210014.831† 15.50 1237.7 (5) ... ... ...
2213,9,1-2113,8,1 210096.258 14.30 1291.1 (42) ... ... ...
2213,10,1-2113,9,1 210096.258† 14.30 1291.1 (42) ... ... ...
2214,8,1-2114,7,1 210186.019 13.10 1348.5 (5,32) ... ... ...
2214,9,1-2114,8,1 210186.019† 13.10 1348.5 (5,32) ... ... ...
223,19,1-213,18,1 210633.613 21.60 947.5 (5) ... ... ...
231,23,0-221,22,0 211247.191 22.90 932.8 (5,6) ... ... ...
221,21,0-211,22,0 211259.490 21.90 928.1 (6) ... ... ...
231,23,1-221,22,1 212310.380 23.00 936.9 (5) ... ... ...
222,20,0-212,19,0 212333.066 21.80 933.6 4.7 212333.3 0.26 0.12
221,21,1-211,20,1 212361.176 21.90 932.0 4.6 212361.4 0.22 0.12
230,23,0-220,22,0 212564.406 23.00 932.3 (9) ... ... ...
222,20,1-212,19,1 213249.226 21.80 937.6 (5) ... ... ...
230,23,1-220,22,1 213760.970 23.00 936.3 7.9(5) 213758.8 0.17 0.14
232,22,0-222,21,0 216696.636 22.80 942.4 (5) ... ... ...
232,22,1-222,21,1 217816.324 22.80 946.5 (5,49) ... ... ...
237,17,0-227,16,0 218173.870 20.90 1039.3 4.25 218174.4 0.24 0.24
237,16,0-227,15,0 218173.870† 20.90 1039.3 4.25 218174.4 ” 0.24
Ape´ndice B: Lo´pez et al. 2014, A&A, 572, A44 361
Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
236,18,0-226,17,0 218175.978† 21.40 1011.5 7.14 218174.4 ” 0.24
236,17,0-226,16,0 218175.995† 21.40 1011.5 7.17 218174.4 ” 0.24
238,15,0-228,14,0 218199.703 20.20 1071.3 (50) ... ... ...
238,16,0-228,15,0 218199.703† 20.20 1071.3 (50) ... ... ...
235,19,0-225,18,0 218224.540 21.90 987.9 (51) ... ... ...
235,18,0-225,17,0 218225.636† 21.90 987.9 (51) ... ... ...
239,14,0-229,13,0 218244.742 19.50 1107.6 7.2(35) ... 0.12 0.07
239,15,0-229,14,0 218244.742† 19.50 1107.6 7.2(35) ... ” 0.07
2310,13,0-2210,12,0 218304.448 18.70 1148.0 (52) ... ... ...
2310,14,0-2210,13,0 218304.448† 18.70 1148.0 (52) ... ... ...
234,20,0-224,19,0 218349.466 22.30 968.6 (52) ... ... ...
233,21,0-223,20,0 218363.200 22.60 953.6 3.8 218364.1 0.13 0.11
2311,12,0-2211,11,0 218376.242 17.70 1192.6 (5) ... ... ...
2311,13,0-2211,12,0 218376.242† 17.70 1192.6 (5) ... ... ...
234,19,0-224,18,0 218392.442 22.30 968.6 (16) ... ... ...
2312,11,0-2212,10,0 218458.547 16.70 1241.3 (53) ... ... ...
2312,12,0-2212,11,0 218458.547† 16.70 1241.3 (53) ... ... ...
2313,10,0-2213,9,0 218550.334 15.70 1294.1 (5) ... ... ...
2313,11,0-2213,10,0 218550.334† 15.70 1294.1 (5) ... ... ...
233,20,0-223,19,0 219216.278 22.60 953.8 (25) ... ... ...
237,17,1-227,16,1 219306.033 20.90 1044.3 (9) ... ... ...
237,16,1-227,15,1 219306.034† 20.90 1044.3 (9) ... ... ...
236,18,1-226,17,1 219313.572 21.40 1016.2 (25) ... ... ...
236,17,1-226,16,1 219313.590† 21.40 1016.2 (25) ... ... ...
238,15,1-228,14,1 219325.635 20.20 1076.6 (25) ... ... ...
238,16,1-228,15,1 219325.635† 20.20 1076.6 (25) ... ... ...
239,14,1-229,13,1 219363.922 19.50 1113.2 (17) ... ... ...
239,15,1-229,14,1 219363.922† 19.50 1113.2 (17) ... ... ...
235,19,1-225,18,1 219366.234† 21.90 992.5 (17) ... ... ...
235,18,1-225,17,1 219367.350† 21.90 992.5 (17) ... ... ...
2310,13,1-2210,12,1 219416.552 18.70 1154.0 (54) ... ... ...
2310,14,1-2210,13,1 219416.552† 18.70 1154.0 (54) ... ... ...
2311,12,1-2211,11,1 219481.091 17.70 1199.1 3.90(6) 219481.9 0.15 0.04
2311,13,1-2211,12,1 219481.091† 17.70 1199.1 3.90(6) 219481.9 ” 0.04
234,20,1-224,19,1 219492.282 22.30 973.0 (16) ... ... ...
233,21,1-223,20,1 219498.733† 22.60 957.9 (16) ... ... ...
234,19,1-224,18,1 219535.617 22.30 973.0 (55) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
241,24,0-231,23,0 220332.868 23.90 943.4 6.3 220331.9 0.13 0.13
233,20,1-223,19,1 220342.405 22.60 958.1 (5) ... ... ...
231,22,0-221,21,0 220690.867 22.90 938.7 (46) ... ... ...
241,24,1-231,23,1 221438.698 24.00 947.5 (6,23,25) ... ... ...
240,24,0-230,23,0 221533.880 24.00 942.9 6.0 221533.1 0.15 0.14
231,22,1-221,21,1 221817.025 22.90 942.7 2.2(5) 221819.1 0.11 0.14
232,21,0-222,20,0 222104.379 22.80 944.3 (56) ... ... ...
240,24,1-230,23,1 222745.388 24.00 947.0 (26) ... ... ...
232,21,1-222,20,1 223090.983 22.80 948.3 (25,29) ... ... ...
242,23,0-232,22,0 226005.372 23.80 953.2 (5) ... ... ...
242,23,1-232,22,1 227174.530 23.80 957.4 (16) ... ... ...
247,18,0-237,17,0 227663.160 22.00 1050.2 (6) ... ... ...
247,17,0-237,16,0 227663.160† 22.00 1050.2 (6) ... ... ...
246,19,0-236,18,0 227670.458 22.50 1022.4 (57) ... ... ...
246,18,0-236,17,0 227670.485† 22.50 1022.4 (57) ... ... ...
248,16,0-238,15,0 227686.845 21.30 1082.2 3.9(5) 227687.7 0.07 0.10
248,17,0-238,16,0 227686.845† 21.30 1082.2 3.9(5) 227687.7 ” 0.10
245,20,0-235,19,0 227729.610 23.00 998.8 (5) ... ... ...
245,19,0-235,18,0 227731.221† 23.00 998.8 (5) ... ... ...
245,15,0-235,14,0 227731.609† 20.60 1118.5 (5) ... ... ...
245,16,0-235,15,0 227731.609† 20.60 1118.5 (5) ... ... ...
2410,14,0-2310,13,0 227792.313 19.80 1158.9 (58) ... ... ...
2410,15,0-2310,14,0 227792.313† 19.80 1158.9 (58) ... ... ...
243,22,0-233,21,0 227858.249 23.60 964.6 4.2 227858.9 0.18 0.12
2411,13,0-2311,12,0 227866.043 19.00 1203.5 (5) ... ... ...
2411,14,0-2311,13,0 227866.043† 19.00 1203.5 (5) ... ... ...
244,21,0-234,20,0 227871.000 23.30 979.6 5.8 227870.4 0.14 0.12
244,20,0-234,19,0 227928.779 23.30 979.6 (29) ... ... ...
2412,12,0-2312,11,0 227951.017 18.00 1252.2 (6,59) ... ... ...
2412,13,0-2312,12,0 227951.017† 18.00 1252.2 (6,59) ... ... ...
2413,11,0-2313,10,0 228046.082 17.00 1305.0 (25) ... ... ...
2413,12,0-2313,11,0 228046.082† 17.00 1305.0 (25) ... ... ...
247,18,1-237,17,1 228844.834 22.00 1055.3 (15,26) ... ... ...
247,17,1-237,16,1 228844.834† 22.00 1055.3 (15,26) ... ... ...
246,19,1-236,18,1 228857.772 22.50 1027.2 (32,38,57) ... ... ...
246,18,1-236,17,1 228857.800† 22.50 1027.2 (32,38,57) ... ... ...
248,16,1-238,15,1 228862.045† 21.30 1087.6 (32,38,57) ... ... ...
Ape´ndice B: Lo´pez et al. 2014, A&A, 572, A44 363
Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
248,17,1-238,16,1 228862.045† 21.30 1087.6 (32,38,57) ... ... ...
249,15,1-239,14,1 228899.792 20.60 1124.2 (37,43,60) ... ... ...
249,16,1-239,15,1 228899.792† 20.60 1124.2 (37,43,60) ... ... ...
243,21,0-233,20,0 228901.619† 23.60 964.8 (37,43,60) ... ... ...
245,20,1-235,19,1 228921.174 23.00 1003.5 4.2 228921.7 0.08 0.17
245,19,1-235,18,1 228922.815† 23.00 1003.5 6.3 228921.7 ” 0.17
2410,14,1-2310,13,1 228953.135 19.80 1165.0 7.0(32) 228951.5 0.12 0.10
2410,15,1-2310,14,1 228953.135† 19.80 1165.0 7.0(32) 228951.5 ” 0.10
2411,13,1-2311,12,1 229019.310 19.00 1210.1 5.8 229018.6 0.08 0.08
2411,14,1-2311,13,1 229019.310† 19.00 1210.1 5.8 229018.6 ” 0.08
243,22,1-233,21,1 229043.016 23.60 968.9 (9) ... ... ...
244,21,1-234,20,1 229063.602 23.30 984.0 2.4(5) 229065.3 0.18 0.09
2412,12,1-2312,11,1 229096.650 18.00 1259.3 (15) ... ... ...
2412,13,1-2312,12,1 229096.650† 18.00 1259.3 (15) ... ... ...
244,20,1-234,19,1 229121.828 23.30 984.0 (9,40) ... ... ...
2413,11,1-2313,10,1 229184.084 17.00 1312.6 3.1(5,14) 229185.5 0.10 0.04
2413,12,1-2313,11,1 229184.084† 17.00 1312.6 3.1(5,14) 229185.5 ” 0.04
251,25,0-241,24,0 229410.738 24.90 954.4 (6,16) ... ... ...
243,21,1-233,20,1 230073.374 23.60 969.1 0.6(47) 230076.7 0.19 0.23
241,23,0-231,22,0 230075.401† 23.90 949.7 3.2(47) 230076.7 ” 0.23
250,25,0-240,24,0 230498.478 25.00 954.0 (61) ... ... ...
251,25,1-241,24,1 230560.110 25.00 958.6 (5) ... ... ...
241,23,1-231,22,1 231249.645 23.90 953.8 1.4(6,31) 231251.2 0.08 0.12
250,25,1-240,24,1 231732.233 25.00 958.2 (53,54) ... ... ...
242,22,0-232,21,0 231853.475 23.80 955.4 (16) ... ... ...
242,22,1-232,21,1 232920.186 23.80 959.5 4.8 232917.1 0.12 0.11
252,24,0-242,23,0 235301.112 24.80 964.5 5.6(5) 235300.7 0.26 0.13
252,24,1-242,23,1 236520.937 24.80 968.8 (52) ... ... ...
257,19,0-247,18,0 237152.887 23.00 1061.6 3.8 237153.8 0.22 0.19
257,18,0-247,17,0 237152.888† 23.00 1061.6 3.8 237153.8 ” 0.19
256,20,0-246,19,0 237166.024 23.60 1033.8 (16,17) ... ... ...
256,19,0-246,18,0 237166.066† 23.60 1033.8 (16,17) ... ... ...
258,17,0-248,16,0 237174.010† 22.40 1093.6 (16,17) ... ... ...
258,18,0-248,17,0 237174.010† 22.40 1093.6 (16,17) ... ... ...
259,16,0-249,15,0 237218.216 21.80 1129.9 (5) ... ... ...
259,17,0-249,16,0 237218.216† 21.80 1129.9 (5) ... ... ...
255,21,0-245,20,0 237236.799 24.00 1010.2 (5) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
255,20,0-245,19,0 237239.127† 24.00 1010.2 (5) ... ... ...
253,23,0-243,22,0 237348.592 24.60 976.0 (6) ... ... ...
254,22,0-244,21,0 237395.075 24.40 991.0 (6,15) ... ... ...
254,21,0-244,20,0 237471.759 24.40 991.0 (15,25,62) ... ... ...
257,19,1-247,18,1 238384.095 23.00 1066.7 4.7 238384.3 0.20 0.19
257,18,1-247,17,1 238384.096† 23.00 1066.7 4.7 238384.3 ” 0.19
258,17,1-248,16,1 238398.505 22.40 1099.1 (63) ... ... ...
258,18,1-248,17,1 238398.505† 22.40 1099.1 (63) ... ... ...
256,20,1-246,19,1 238403.080† 23.60 1038.7 (63) ... ... ...
256,19,1-246,18,1 238403.123† 23.60 1038.7 (63 ... ... ...
259,16,1-249,15,1 238435.431 21.80 1135.7 (5) ... ... ...
259,17,1-249,16,1 238435.431† 21.80 1135.7 (5) ... ... ...
255,21,1-245,20,1 238478.249 24.00 1014.9 5.1(46) 238479.4 0.26 0.33
255,20,1-245,19,1 238480.621† 24.00 1014.9 5.1(46) 238479.4 ” 0.33
261,26,0-251,25,0 238481.176† 26.00 965.8 7.3(46) 238479.4 ” 0.33
2510,15,1-2410,14,1 238489.289 21.00 1176.5 ∗∗ ... ... ...
2510,16,1-2410,15,1 238489.289† 21.00 1176.5 ∗∗ ... ... ...
2511,14,1-2411,13,1 238556.952 20.20 1221.5 (5) ... ... ...
2511,15,1-2411,14,1 238556.952† 20.20 1221.5 (5) ... ... ...
253,23,1-243,24,1 238582.564 24.60 980.4 (5) ... ... ...
253,22,0-243,21,0 238611.238 24.60 976.3 (6,9,57) ... ... ...
2512,13,1-2412,12,1 238636.540 19.20 1270.7 (5) ... ... ...
2512,14,1-2412,13,1 238636.540† 19.20 1270.7 (5) ... ... ...
254,22,1-244,21,1 238637.447† 24.40 995.5 (5) ... ... ...
254,21,1-244,20,1 238714.672 24.40 995.5 (32,64) ... ... ...
2513,12,1-2413,11,1 238726.845 18.20 1324.1 (11,15) ... ... ...
2513,13,1-2413,12,1 238726.845† 18.20 1324.1 (11,15) ... ... ...
2514,11,1-2414,10,1 238827.038 17.20 1381.5 (5,32) ... ... ...
2514,12,1-2414,11,1 238827.038† 17.20 1381.5 (5,32) ... ... ...
251,24,0-241,23,0 239416.632 24.90 961.2 3.1(65,66) 239418.1 0.14 0.14
260,26,0-250,25,0 239460.306 26.00 965.5 ∗∗ ... ... ...
261,26,1-251,25,1 239674.450 26.00 970.1 (16,67) ... ... ...
253,22,1-243,21,1 239827.521 24.60 980.6 (67) ... ... ...
251,24,1-241,23,1 240665.147 24.90 965.3 8.9(26,33) 240652.0 0.22 0.16
260,26,1-250,25,1 240721.369 26.00 969.7 (26,33) ... ... ...
252,23,0-242,22,0 241578.697 24.90 967.0 (11) ... ... ...
252,23,1-242,22,1 242733.064 24.80 971.2 (29,43,68) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
262,25,0-252,24,0 244583.625 25.80 976.3 (69) ... ... ...
262,25,1-252,24,1 245854.366 25.80 980.6 3.3 245855.8 0.17 0.12
267,20,0-257,19,0 246643.069 24.10 1073.4 (70) ... ... ...
267,19,0-257,18,0 246643.070† 24.10 1073.4 (70) ... ... ...
268,18,0-258,17,0 246661.197† 23.50 1105.5 (70) ... ... ...
268,19,0-258,18,0 246661.197† 23.50 1105.5 (70) ... ... ...
266,21,0-256,20,0 246662.720† 24.60 1045.6 (70) ... ... ...
266,20,0-256,19,0 246662.786† 24.60 1045.6 (70) ... ... ...
269,17,0-259,16,0 246704.552 22.90 1141.7 (5) ... ... ...
269,18,0-259,17,0 246704.552† 22.90 1141.7 (5) ... ... ...
265,22,0-255,21,0 246746.173 25.00 1022.1 (6) ... ... ...
265,21,0-255,20,0 246749.490† 25.00 1022.1 (6) ... ... ...
2610,16,0-2510,15,0 246766.638 22.20 1182.2 (5) ... ... ...
2610,17,0-2510,16,0 246766.638† 22.20 1182.2 (5) ... ... ...
263,24,0-253,23,0 246833.365 25.70 987.8 (71) ... ... ...
2611,15,0-2511,14,0 246843.781 21.30 1226.7 (5) ... ... ...
2611,16,0-2511,15,0 246843.781† 21.30 1226.7 (5) ... ... ...
264,23,0-254,22,0 246921.510 25.40 1002.8 (16,72) ... ... ...
264,22,0-254,21,0 247022.074 25.40 1002.8 3.9(15,16) 247023.0 0.19 0.11
271,27,0-261,26,0 247544.574 26.90 977.7 4.5(16) 247545.0 0.17 0.14
267,20,1-257,19,1 247923.834 24.10 1078.6 (6,32) ... ... ...
267,19,1-257,18,1 247923.835† 24.10 1078.6 (6,32) ... ... ...
268,18,1-258,17,1 247935.013 23.50 1111.0 (5) ... ... ...
268,19,1-258,18,1 247935.013† 23.50 1111.0 (5) ... ... ...
266,21,1-256,20,1 247949.538 24.60 1050.6 (6) ... ... ...
266,20,1-256,19,1 247949.605† 24.60 1050.6 (6) ... ... ...
269,17,1-259,16,1 247970.829 22.90 1147.6 (11) ... ... ...
269,18,1-259,17,1 247970.829† 22.90 1147.6 (11) ... ... ...
2610,16,1-2510,15,1 248024.994 22.20 1188.4 (5,18,32) ... ... ...
2610,17,1-2510,16,1 248024.994† 22.20 1188.4 (5,18,32) ... ... ...
265,22,1-255,21,1 248037.522 25.00 1026.8 (16,32) ... ... ...
265,21,1-255,20,1 248040.898† 25.00 1026.8 (16,32) ... ... ...
2611,15,1-2511,14,1 248093.991 21.30 1233.4 (13) ... ... ...
2611,16,1-2511,15,1 248093.991† 21.30 1233.4 (13) ... ... ...
263,24,1-253,23,1 248116.512 25.70 992.3 5.9(64) 248115.7 0.26 0.12
2612,14,1-2512,13,1 248175.709 20.50 1282.6 (26) ... ... ...
2612,15,1-2512,14,1 248175.709† 20.50 1282.6 (26) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
264,23,1-254,22,1 248213.627 25.40 1007.4 (5) ... ... ...
2613,13,1-2513,12,1 248268.793 19.50 1336.0 (9,16) ... ... ...
2613,14,1-2513,13,1 248268.793† 19.50 1336.0 (9,16) ... ... ...
264,22,1-254,21,1 248314.826 25.40 1007.4 (5,30) ... ... ...
263,23,0-253,22,0 248345.994 25.60 988.2 (17) ... ... ...
2614,12,1-2514,11,1 248372.316 18.50 1393.4 (17) ... ... ...
2614,13,1-2514,12,1 248372.316† 18.50 1393.4 (17) ... ... ...
270,27,0-260,26,0 248421.029 27.00 977.4 (16) ... ... ...
2615,11,1-2515,10,1 248485.601 17.30 1455.0 (5) ... ... ...
2615,12,1-2515,11,1 248485.601† 17.30 1455.0 (5) ... ... ...
261,25,0-251,24,0 248715.973 25.90 973.1 (5) ... ... ...
271,27,1-261,26,1 248781.879 27.00 982.0 (16) ... ... ...
263,23,1-253,22,1 249605.498 25.70 992.6 3.9(6,53) 249606.4 0.27 0.12
270,27,1-260,26,1 249713.036 27.00 981.7 (6,28,73) ... ... ...
261,25,1-251,24,1 250028.952 25.90 977.3 (5) ... ... ...
262,24,0-252,23,0 251279.453 25.90 979.0 (6,16,25) ... ... ...
262,24,1-252,23,1 252526.293 25.80 983.3 (5) ... ... ...
272,26,0-262,25,0 253852.724 26.80 988.4 3.4 253854.1 0.22 0.14
272,26,1-262,25,1 255177.777 26.90 992.8 (14) ... ... ...
277,21,0-267,20,0 256133.723 25.20 1085.7 (6,10) ... ... ...
277,20,0-267,19,0 256133.724† 25.20 1085.7 (6,10) ... ... ...
278,19,0-268,18,0 256148.406 24.60 1117.7 (5) ... ... ...
278,20,0-268,19,0 256148.406† 24.60 1117.7 (5) ... ... ...
276,22,0-266,21,0 256160.590 25.70 1057.9 (5) ... ... ...
276,21,0-266,20,0 256160.690† 25.70 1057.9 (5) ... ... ...
279,18,0-269,17,0 256190.604 24.00 1154.0 (10) ... ... ...
279,19,0-269,18,0 256190.604† 24.00 1154.0 (10) ... ... ...
2710,17,0-2610,16,0 256253.059 23.30 1194.4 (24) ... ... ...
2710,18,0-2610,17,0 256253.059† 23.30 1194.4 (24) ... ... ...
275,23,0-265,22,0 256257.793† 26.10 1034.4 (24) ... ... ...
275,22,0-265,21,0 256262.451† 26.10 1034.4 (24) ... ... ...
273,25,0-263,24,0 256311.699 26.70 1000.1 (74) ... ... ...
2711,16,0-2611,15,0 256331.669 22.50 1239.1 (74) ... ... ...
2711,17,0-2611,16,0 256331.669† 22.50 1239.1 (74) ... ... ...
2712,15,0-2612,14,0 256423.946 21.70 1287.8 (15) ... ... ...
2712,16,0-2612,15,0 256423.946† 21.70 1287.8 (15) ... ... ...
274,24,0-264,23,0 256450.072 26.40 1015.1 (15) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
2713,14,0-2613,13,0 256528.285 20.70 1340.6 (15) ... ... ...
2713,15,0-2613,14,0 256528.285† 20.70 1340.6 (15) ... ... ...
274,23,0-264,22,0 256580.491 26.40 1015.2 (15,72) ... ... ...
281,28,0-271,27,0 256601.331 27.90 990.0 (75) ... ... ...
2714,13,0-2614,12,0 256643.595 19.70 1397.5 (5) ... ... ...
2714,14,0-2614,13,0 256643.595† 19.70 1397.5 (5) ... ... ...
280,28,0-270,27,0 257381.906 28.00 989.8 (76) ... ... ...
277,21,1-267,20,1 257464.067 25.20 1091.0 (46) ... ... ...
277,20,1-267,19,1 257464.069† 25.20 1091.0 (46) ... ... ...
278,19,1-268,18,1 257471.569† 24.60 1123.3 (46) ... ... ...
278,20,1-268,19,1 257471.569† 24.60 1123.3 (46) ... ... ...
276,22,1-266,21,1 257497.189 25.70 1062.9 (5,32) ... ... ...
276,21,1-266,20,1 257497.292† 25.70 1062.9 (5,32) ... ... ...
279,18,1-269,17,1 257505.972 24.00 1159.9 (46) ... ... ...
279,19,1-269,18,1 257505.972† 24.00 1159.9 (46) ... ... ...
2710,17,1-2610,16,1 257560.229 23.30 1200.7 8.2(5) 257556.1 0.17 0.12
2710,18,1-2610,17,1 257560.229† 23.30 1200.7 8.2(5) 257556.1 ” 0.12
275,23,1-265,22,1 257599.051 26.10 1039.2 (19,21,34) ... ... ...
275,22,1-265,21,1 257603.791 26.10 1039.2 5.8 257603.1 0.08 0.15
2711,16,1-2611,15,1 257630.402 22.50 1245.8 (25) ... ... ...
2711,17,1-2611,16,1 257630.402† 22.50 1245.8 (25) ... ... ...
273,25,1-263,24,1 257643.992 26.70 1004.6 (16) ... ... ...
2712,15,1-2612,14,1 257714.128 21.70 1295.0 (5) ... ... ...
2712,16,1-2612,15,1 257714.128† 21.70 1295.0 (5) ... ... ...
274,24,1-264,23,1 257791.902 26.40 1019.8 (6,19) ... ... ...
281,28,1-271,27,1 257882.687 28.00 994.4 5.7(30) 257882.1 0.09 0.14
274,23,1-264,22,1 257923.042 26.40 1019.8 4.9(30) 257923.2 0.20 0.12
271,26,0-261,25,0 257974.080 26.90 985.5 (77) ... ... ...
273,24,0-263,23,0 258106.295 26.70 1000.6 3.2(32) 258107.8 0.15 0.13
280,28,1-270,27,1 258707.545 28.00 994.1 (6,78,79) ... ... ...
271,26,1-261,25,1 259366.408 26.90 989.8 8.4(44) 259363.5 0.21 0.18
273,24,1-263,23,1 259407.521 26.70 1005.1 4.5(22) 259407.9 0.30 0.12
272,25,0-262,24,0 260955.173 26.90 991.6 5.6 260954.6 0.33 0.14
272,25,1-262,24,1 262296.990 26.90 995.9 (22) ... ... ...
282,27,0-272,26,0 263108.275 27.80 1001.1 (10,13,31) ... ... ...
282,27,1-272,26,1 264494.554 27.90 1005.5 4.8 264494.8 0.23 0.14
287,22,0-277,21,0 265624.865 26.20 1098.4 8.3(5) 265622.0 0.21 0.23
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
287,21,0-277,20,0 265624.868† 26.20 1098.4 8.3(5) 265622.0 ” 0.23
288,20,0-278,19,0 265635.639 25.70 1130.5 6.5 265634.3 0.18 0.14
288,21,0-278,20,0 265635.639† 25.70 1130.5 6.5 265634.3 ” 0.14
291,29,0-281,28,0 265651.847 29.00 1002.8 4.7(5) 265652.1 0.21 0.19
286,23,0-276,22,0 265659.680 26.70 1070.6 6.7 265658.2 0.04 0.19
286,22,0-276,21,0 265659.829† 26.70 1070.6 6.9 265658.2 ” 0.19
289,19,0-279,18,0 265676.363 25.10 1166.8 4.4(80) 265677.0 0.16 0.11
289,20,0-279,19,0 265676.363† 25.10 1166.8 4.4(80) 265677.0 ” 0.11
2810,18,0-2710,17,0 265738.959 24.40 1207.2 (5) ... ... ...
2810,19,0-2710,18,0 265738.959† 24.40 1207.2 (5) ... ... ...
285,24,0-275,23,0 265771.712 27.10 1047.1 4.7 265772.0 0.06 0.14
285,23,0-275,22,0 265778.170 27.10 1047.1 4.1(10) 265779.0 0.22 0.18
283,26,0-273,25,0 265782.735 27.70 1012.9 5.2(5) 265782.6 0.21 0.19
2811,17,0-2711,16,0 265818.868 23.70 1251.8 (5) ... ... ...
2811,18,0-2711,17,0 265818.868† 23.70 1251.8 (5) ... ... ...
2812,16,0-2712,15,0 265913.329 22.90 1300.5 (15,81) ... ... ...
2812,17,0-2712,16,0 265913.329† 22.90 1300.5 (15,81) ... ... ...
284,25,0-274,24,0 265980.475 27.40 1027.9 (82) ... ... ...
2813,15,0-2713,14,0 266020.561 22.00 1353.4 (9,26) ... ... ...
2813,16,0-2713,15,0 266020.561† 22.00 1353.4 (9,26) ... ... ...
2814,14,0-2714,13,0 266139.361 21.00 1410.2 (25) ... ... ...
2814,15,0-2714,14,0 266139.361† 21.00 1410.2 (25) ... ... ...
284,24,0-274,23,0 266147.862† 27.40 1027.9 (25) ... ... ...
290,29,0-280,28,0 266343.838 29.00 1002.6 4.8 266344.0 0.16 0.15
291,29,1-281,28,1 266977.223 29.00 1007.2 1.9(32) 266980.0 0.42 0.18
287,22,1-277,21,1 267004.809 26.30 1103.8 2.4(83) 267007.1 0.36 0.30
287,21,1-277,20,1 267004.812† 26.30 1103.8 2.4(83) 267007.1 ” 0.30
288,20,1-278,19,1 267008.171† 25.70 1136.1 6.2(83) 267007.1 ” 0.30
288,21,1-278,19,1 267008.171† 25.70 1136.1 6.2(83) 267007.1 ” 0.30
289,19,1-279,18,1 267040.848 25.10 1172.7 1.5(5) 267043.9 0.20 0.17
289,20,1-279,19,1 267040.848† 25.10 1172.7 1.5(5) 267043.9 ” 0.17
286,23,1-276,22,1 267046.077† 26.70 1075.7 3.2(35) 267047.6 0.28 0.21
286,22,1-276,21,1 267046.230† 26.70 1075.7 3.4(35) 267047.6 ” 0.21
2810,18,1-2710,17,1 267094.974 24.40 1213.6 6.2(17) 267093.9 0.20 0.08
2810,19,1-2710,18,1 267094.974† 24.40 1213.6 6.2(17) 267093.9 ” 0.08
285,24,1-275,23,1 267162.885 27.10 1052.0 (10) ... ... ...
283,26,1-273,25,1 267164.143† 27.70 1017.5 (10) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
2811,17,1-2711,16,1 267166.158† 23.70 1258.6 (10) ... ... ...
2811,18,1-2711,17,1 267166.158† 23.70 1258.6 (10) ... ... ...
285,23,1-275,22,1 267169.454 27.10 1052.0 (10) ... ... ...
281,27,0-271,26,0 267191.468 27.90 998.4 (7) ... ... ...
2812,16,1-2712,15,1 267251.765 22.90 1307.8 (5,32) ... ... ...
2812,17,1-2712,16,1 267251.765† 22.90 1307.8 (5,32) ... ... ...
2813,15,1-2713,14,1 267350.113 22.00 1361.2 6.2(84) 267349.0 0.10 0.05
2813,16,1-2713,15,1 267350.113† 22.00 1361.2 6.2(84) 267349.0 ” 0.05
284,25,1-274,24,1 267371.981 27.40 1032.6 (5) ... ... ...
2814,14,1-2714,13,1 267460.059 21.00 1418.6 (11) ... ... ...
2814,15,1-2714,14,1 267460.059† 21.00 1418.6 (11) ... ... ...
284,24,1-274,23,1 267540.150 27.40 1032.6 (24) ... ... ...
290,29,1-280,28,1 267705.139 29.00 1007.0 (5) ... ... ...
283,25,0-273,24,0 267891.981 27.70 1013.4 (5) ... ... ...
281,27,1-271,26,1 268663.438 27.90 1002.7 7.8(13) 268660.9 0.09 0.18
283,25,1-273,24,1 269233.266 27.70 1018.0 (16,25) ... ... ...
282,26,0-272,25,0 270603.020 27.90 1004.5 3.1(5) 270604.8 0.42 0.18
282,26,1-272,25,1 272042.698 27.90 1008.9 (16) ... ... ...
282,28,0-272,27,0 272350.189 28.80 1014.1 (11,85) ... ... ...
292,28,1-282,27,1 273818.703 28.90 1018.7 4.8(83) 273818.8 0.22 0.14
301,30,0-291,29,0 274696.519 29.90 1016.0 (41) ... ... ...
297,23,0-287,22,0 275116.514 27.30 1111.7 3.8 275117.5 0.15 0.18
297,22,0-287,21,0 275116.517† 27.30 1111.7 3.8 275117.5 ” 0.18
298,21,0-288,20,0 275122.893 26.80 1143.7 (5) ... ... ...
298,22,0-288,21,0 275122.893† 26.80 1143.7 (5) ... ... ...
296,24,0-286,23,0 275160.030 27.80 1083.8 (5) ... ... ...
296,23,0-286,22,0 275160.251† 27.80 1083.8 (5) ... ... ...
299,20,0-289,19,0 275161.817† 26.20 1180.0 (5) ... ... ...
299,21,0-289,20,0 275161.817† 26.20 1180.0 (5) ... ... ...
2910,19,0-2810,18,0 275224.321 25.60 1220.4 (24) ... ... ...
2910,20,0-2810,19,0 275224.321† 25.60 1220.4 (24) ... ... ...
293,27,0-283,26,0 275245.625 28.70 1026.1 (24) ... ... ...
295,25,0-285,24,0 275287.974 28.10 1060.3 (5) ... ... ...
295,24,0-285,23,0 275296.818 28.10 1060.3 (5) ... ... ...
2911,18,0-2811,17,0 275305.355 24.80 1265.0 (5) ... ... ...
2911,19,0-2811,18,0 275305.355† 24.80 1265.0 (5) ... ... ...
300,30,0-290,29,0 275307.423† 30.00 1015.8 (5) ... ... ...
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Tabla B.7: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc,v − J′K′a,K′c,v′ frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
2912,17,0-2812,16,0 275401.865 24.00 1313.8 (15) ... ... ...
2912,18,0-2812,17,0 275401.865† 24.00 1313.8 (15) ... ... ...
2913,16,0-2813,15,0 275511.887 23.20 1366.6 (6,86) ... ... ...
2913,17,0-2813,16,0 275511.887† 23.20 1366.6 (6,86) ... ... ...
294,26,0-284,25,0 275512.381† 28.40 1041.1 (6,86) ... ... ...
2914,15,0-2814,14,0 275634.091 22.20 1423.5 (5) ... ... ...
2914,16,0-2814,15,0 275634.091† 22.20 1423.5 (5) ... ... ...
294,25,0-284,24,0 275725.124 28.40 1041.2 (46,76) ... ... ...
301,30,0-291,29,1 276065.857 30.00 1020.4 (27) ... ... ...
291,28,0-281,27,0 276368.853 28.90 1011.6 3.6 276370.1 0.21 0.19
298,21,1-288,20,1 276544.817 26.80 1149.4 (67) ... ... ...
298,22,1-288,21,1 276544.817† 26.80 1149.4 (67) ... ... ...
297,23,1-287,22,1 276546.077† 27.30 1117.1 (67) ... ... ...
297,22,1-287,21,1 276546.080† 27.30 1117.1 (67) ... ... ...
299,20,1-289,19,1 276575.444 26.20 1186.0 4.6 276575.8 0.15 0.17
299,21,1-289,20,1 276575.444† 26.20 1186.0 4.6 276575.8 ” 0.17
296,24,1-286,23,1 276596.242 27.80 1089.0 (14) ... ... ...
296,23,1-286,22,1 276596.467† 27.80 1089.0 (14) ... ... ...
2910,19,1-2810,18,1 276629.209 25.60 1226.8 (15,32,43) ... ... ...
2910,20,1-2810,19,1 276629.209† 25.60 1226.8 (15,32,43) ... ... ...
293,27,1-283,26,1 276676.119 28.70 1030.7 (67) ... ... ...
2911,18,1-2811,17,1 276701.232 24.80 1271.9 (11,67) ... ... ...
2911,19,1-2811,18,1 276701.232† 24.80 1271.9 (11,67) ... ... ...
300,30,1-290,29,1 276705.948† 30.00 1020.2 (11,67) ... ... ...
295,25,1-285,24,1 276729.066 28.10 1065.3 (5,33) ... ... ...
295,24,1-285,23,1 276738.058 28.10 1065.3 (67) ... ... ...
2912,17,1-2812,16,1 276788.590 24.00 1321.1 (5) ... ... ...
2912,18,1-2812,17,1 276788.590† 24.00 1321.1 (5) ... ... ...
294,26,1-284,25,1 276953.517 28.50 1045.9 (9,43) ... ... ...
294,25,1-284,24,1 277167.061 28.50 1045.9 (6,11,26) ... ... ...
293,26,0-283,25,0 277702.204 28.70 1026.8 (5) ... ... ...
291,28,1-281,27,1 277917.094 28.90 1016.0 (16,26) ... ... ...
293,26,1-283,25,1 279081.801 28.70 1031.4 (6,17) ... ... ...
Tabla A10. Emission lines of CH2CHCN 310=1⇔(311=1,315=1) present in the spectral scan of the
Orion-KL from the radio-telescope of IRAM 30-m. The quantum number ν is corresponded with the
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vibrational level, and take the value ν=0 and ν=1 whether the state is 310=1 or (311=1,315=1),
respectively. Column 1 indicates the line transition, Col. 2 gives the predicted frequency in the
laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5 observed radial velocities relative
to the local system rest (vLS R), Col. 6 observed centroid frequencies assuming a vLS R of 5 km s−1, Col.
7 observed main beam temperature, y Col. 8 mean beam temperature obtained with the model. †
blended with the last one. ∗∗ hole in the observed spectrum.
(1) peak channel line observed velocity. (2) peak channel line intensity. (3) blended with 33SO. (4)
blended with HCS+. (5) blended with U-line. (6) blended with HCOOCH3. (7) blended with SO. (8)
blended with CH3CH2C15N. (9) blended with (CH3)2CO. (10) blended with CH3OCH3. (11) blended
with CH3OH. (12) blended with HDCS. (13) blended with 13CH3OH. (14) blended with CH213CHCN.
(15) blended with CH2CHCN. (16) blended with CH3CH2CN. (17) blended with 34SO2. (18) blended
with CH2CH13CN. (19) blended with CH3C15N. (20) blended with CH3CN 38=1. (21) blended with
c-C2H4O. (22) blended with CH3CH213CN. (23) blended with CH2CHCN 315=1. (24) blended with
SO2. (25) blended with CH3CH2CN 313/321. (26) blended with |g+-g−|-CH3CH2OH. (27) blended with
CH3OD. (28) blended with CH313CH2CN. (29) blended with CH3CH2CN 320=1. (30) blended with
CH2CHCN 311=2. (31) blended with CH3CHO. (32) blended with CH2CHCN 311=1. (33) blended with
13CH2CHCN. (34) blended with H13COOCH3. (35) blended with SO17O. (36) blended with OC36S.
(37) blended with SO2 32=1. (38) blended with HCCCN 37=2. (39) blended with H213CS. (40) blended
with NH2CHO. (41) blended with H2CS. (42) blended with 33SO2. (43) blended with HCOO13CH3.
(44) blended with 13CH3CH2CN. (45) blended with HCC13CN 37=2. (46) blended with CH3CN. (47)
blended with DCOOCH3. (48) blended with HC13CCN ν=0. (49) blended with SiS. (50) blended with
O13CS. (51) blended with H2CO. (52) blended with HCCCN. (53) blended with t-CH3CH2OH. (54)
blended with CH318OH. (55) blended with C18O. (56) blended with O34S18O. (57) blended with
HDCO. (58) blended with HCCCN 36=1. (59) blended with HNC18O. (60) blended with SO18O. (61)
blended with CO. (62) blended with HCCCN 36=2. (63) blended with HCCCN 37=3. (64) blended with
CH3COOH 3t=0. (65) blended with CH2CHCN 311=3. (66) blended with CH2CDCN. (67) blended
with CH3CN 38=1. (68) blended with CCCS. (69) blended with HCC13CN. (70) blended with 34SO.
(71) blended with H13CCCN. (72) blended with HDO. (73) blended with 13CH3CN. (74) blended with
CH3CCH. (75) blended with HDCS. (76) blended with CH313CN. (77) blended with HCOOH. (78)
blended with SiO. (79) blended with SiO ν=1. (80) blended with DCOOH. (81) blended with HCN.
(82) blended with H2C34S. (83) blended with NH2CHO 312=1. (84) blended with CH2CHC15N. (85)
blended with CH3OD. (86) blended with DCHCHCN.
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Tabla B.8: Detected lines of 13C1, 13C2, and 13C3 isotopologues of
CH2CHCN. .
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(3) TMB (K)
Detected lines of 13CH2CHCN
91,9-81,8 81051.736 8.89 21.6 5.54 81051.6 0.01 0.01
92,8-82,7 83064.074 8.56 28.5 5.66(2) 83063.9 0.01 0.01
94,6-84,5 83172.144 7.22 54.2 2.66 83172.8 0.01 0.01
94,5-84,4 83172.189† 7.22 54.2 2.82 ” ” ”
93,6-83,5 83187.779 8.00 39.2 6.34(2) 83187.4 0.02 0.01
96,4-86,3 83188.121† 5.00 96.8 7.57(2) ” ” ”
96,3-86,2 83188.121† 5.00 96.8 7.57(2) ” ” ”
92,7-82,6 83449.819 8.56 28.5 6.59 83449.4 0.01 0.01
104,7-94,6 92418.684 8.40 58.6 6.26(3) 92418.3 0.08 0.02
104,6-94,5 92418.782† 8.40 58.6 6.58(3) ” ” ”
103,8-93,7 92432.345 9.10 43.6 5.28 92432.3 0.04 0.01
106,5-96,4 92432.545† 6.40 101.3 5.92 ” ” ”
106,4-96,3 92432.545† 6.40 101.3 5.92 ” ” ”
102,8-92,7 92802.577 9.60 33.0 3.54(2,4) 92803.1 0.02 0.01
111,11-101,10 99006.148 10.90 30.7 3.49(2) 99006.7 0.04 0.01
115,7-105,6 101665.997 8.73 82.7 1.28 101667.6 0.03 0.03
115,6-105,5 101665.998† 8.73 82.7 1.28 ” ” ”
114,8-104,7 101666.845† 9.55 63.5 3.78 ” ” ”
114,7-104,6 101667.041† 9.55 63.5 4.36 ” ” ”
116,6-106,5 101677.377 7.73 106.1 5.78 101677.1 0.01 0.01
116,5-106,4 101677.377† 7.73 106.1 5.78 ” ” ”
113,8-103,7 101705.350 10.20 48.5 5.62 101705.1 0.02 0.01
111,10-101,9 103814.998 10.91 32.1 7.55 103814.1 0.03 0.02
121,12-111,11 107971.949 11.90 35.9 4.48(5) 107972.2 0.04 0.02
125,8-115,7 110912.196 9.92 88.0 5.55(6) 110912.0 0.010 0.03
125,7-115,6 110912.199† 9.92 88.0 5.55(6) ” ” ”
127,6-117,5 110942.195 7.92 139.1 6.90 110941.5 0.03 0.03
127,5-117,4 110942.195† 7.92 139.1 6.90 ” ” ”
123,10-113,9 110942.268† 11.20 53.8 7.10 ” ” ”
128,5-118,4 110968.372 6.67 171.0 2.09 110971.0 0.01 0.01
128,4-118,3 110968.372† 6.67 171.0 2.09 ” ” ”
123,9-113,8 110972.076† 11.20 53.8 7.91 ” ” ”
121,11-111,10 113208.132 11.90 37.5 6.48 113207.6 0.05 0.02
141,13-131,12 131955.171 13.90 49.7 8.06(3) 131953.8 0.13 0.03
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Tabla B.8: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(3) TMB (K)
152,14-142,13 138228.563 14.70 61.7 5.78 138228.3 0.08 0.03
155,11-145,10 138657.101 13.30 106.6 1.60(2) 138658.6 0.08 0.05
155,10-145,9 138657.119† 13.30 106.6 1.64(2) ” ” ”
154,12-144,11 138678.606 13.90 87.4 3.79 138679.1 0.08 0.07
154,11-144,10 138678.418† 13.90 87.4 7.71 ” ” ”
157,9-147,8 138680.928† 11.70 157.8 8.81 ” ” ”
157,8-147,7 138680.928† 11.70 157.8 8.81 ” ” ”
160,16-150,15 145706.594 16.00 59.8 5.07 145706.6 0.05 0.04
167,10-157,9 147927.617 12.90 164.9 5.08(2) 147927.5 0.14 0.06
167,9-157,8 147927.617† 12.90 164.9 5.08(2) ” ” ”
162,14-152,13 149423.658 15.70 69.2 6.18(2) 149423.1 0.18 0.04
170,17-160,16 154577.622 17.00 67.2 1.56(2) 154579.3 0.10 0.05
172,16-162,15 156553.396 16.80 76.3 8.64(3) 156551.3 0.24 0.05
171,16-161,15 159954.627 16.90 71.4 4.96 159954.7 0.07 0.05
180,18-170,17 163421.683 18.00 75.1 7.18 163420.5 0.07 0.06
186,13-176,12 166405.983 16.00 152.7 6.13 166405.4 0.10 0.07
186,12-176,11 166405.984† 16.00 152.7 6.13 ” ” ”
185,14-175,13 166413.159 16.60 129.3 7.79 166411.6 0.07 0.09
185,13-175,12 166413.256† 16.60 129.3 7.97 ” ” ”
187,12-177,11 166421.746 15.30 180.4 5.19 166421.7 0.08 0.06
187,11-177,10 166421.746† 15.30 180.4 5.19 ” ” ”
188,11-178,10 166452.312 14.40 212.3 7.71(2) 166450.8 0.11 0.04
188,10-178,9 166452.312† 14.40 212.3 7.71(2) ” ” ”
184,15-174,14 166461.008 17.10 110.1 6.18 166460.4 0.10 0.05
184,14-174,13 166467.589 17.10 110.1 4.49 166467.9 0.11 0.05
183,15-173,14 166742.703 17.50 95.2 3.96(2) 166743.3 0.07 0.05
182,16-172,15 168467.430 17.80 84.9 6.48(2) 168466.6 0.18 0.05
181,17-171,16 169248.732 17.90 79.5 8.82(2) 169246.5 0.20 0.06
220,22-210,21 198591.415 22.00 110.7 3.79(7) 198592.3 0.18 0.08
224,19-214,18 203539.866 21.30 110.7 0.49(2) 203542.9 0.21 0.08
2210,12-2110,11 203542.989† 17.50 325.0 5.09(2) ” ” ”
2210,13-2110,12 203542.989† 17.50 325.0 5.09(2) ” ” ”
2212,11-2112,10 203688.767 15.50 417.9 6.24 203687.9 0.07 0.02
2212,10-2112,9 203688.767† 15.50 417.9 6.24 ” ” ”
222,20-212,19 206665.745 21.80 121.9 6.75 206664.5 0.10 0.08
232,22-222,21 211281.591 22.80 130.6 6.13 211280.8 0.05 0.09
236,18-226,17 212661.615 21.43 199.3 5.35 212661.4 0.13 0.21
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Tabla B.8: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(3) TMB (K)
236,17-226,16 212661.628† 21.43 199.3 5.37 ” ” ”
237,17-227,16 212662.107† 20.90 227.0 6.01 ” ” ”
237,16-227,15 212662.108† 20.90 227.0 6.01 ” ” ”
238,16-228,15 212688.554 20.20 258.9 5.42 212688.3 0.15 0.08
238,15-228,14 212688.554† 20.20 258.9 5.42 ” ” ”
235,19-225,18 212703.782 21.90 175.9 7.47 212702.1 0.06 0.13
235,18-225,17 212704.692† 21.90 175.9 8.76 ” ” ”
239,15-229,14 212733.075 19.50 295.0 4.68(8) 212733.3 0.23 0.12
239,14-229,13 212733.075† 19.50 295.0 4.68(8) ” ” ”
234,19-224,18 212852.690 22.30 156.7 5.95(9) 212852.0 0.19 0.08
2312,12-2212,11 212942.218 16.70 428.1 2.27(2) 212944.2 0.09 0.06
2312,11-2212,10 212942.218† 16.70 428.1 2.27(2) ” ” ”
241,24-231,23 214886.764 23.90 131.5 5.54(2) 214886.3 0.26 0.10
231,22-221,21 215342.365 22.94 126.8 3.70 215343.3 0.12 0.15
240,24-230,23 216098.566 24.00 131.0 1.97(2) 216100.7 0.13 0.10
247,18-237,17 221911.151 22.00 237.6 4.02(10) 221911.8 0.27 0.14
247,17-237,16 221911.151† 22.00 237.6 4.02(10) ” ” ”
2411,13-2311,12 222111.873 19.00 390.3 5.01 222111.8 0.07 0.08
2411,14-2311,13 222111.873† 19.00 390.3 5.01 ” ” ”
243,21-233,20 222997.260 23.60 152.6 5.48 222996.9 0.12 0.09
251,25-241,24 223741.761 24.90 142.2 6.54(2) 223740.6 0.20 0.10
254,22-244,21 231375.833 24.40 178.4 5.41 231375.5 0.11 0.13
261,26-251,25 232589.519 26.00 153.4 6.71 232588.2 0.09 0.11
251,24-241,23 233569.104 24.90 148.8 6.22(11,12) 233568.2 0.20 0.16
265,22-255,21 240499.668 25.00 209.2 4.88(2) 240499.8 0.28 0.11
265,21-255,20 240502.420† 25.00 209.2 8.31(2) ” ” ”
2610,17-2510,16 240534.575 22.20 368.5 5.54 240534.2 0.11 0.06
2610,16-2510,15 240534.575† 22.20 368.5 5.54 ” ” ”
272,26-262,25 247530.387 26.80 175.5 4.08 247531.1 0.33 0.11
274,24-264,23 249944.482 26.40 202.0 5.31(2) 249944.3 0.15 0.10
290,29-280,28 259803.026 29.00 189.2 6.28 259801.9 0.19 0.19
281,27-271,26 260646.346 27.90 185.0 5.37(2) 260646.0 0.12 0.68
283,25-273,24 260902.720 27.70 200.0 5.78(2) 260902.0 0.91 0.11
292,28-282,27 265577.461 28.80 200.5 6.71 265576.0 0.18 0.12
296,24-286,23 268198.935 27.80 269.9 6.32(13,14,15) 268197.7 0.57 0.16
296,23-286,22 268199.113† 27.80 269.9 6.52(13,14,15) ” ” ”
308,23-298,22 277418.158 27.90 342.8 5.55(6,13) 277417.7 0.34 0.23
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Tabla B.8: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(3) TMB (K)
308,22-298,21 277418.158† 27.90 342.8 5.55(6,13) ” ” ”
301,29-291,28 278516.492 29.90 211.3 6.32 278514.8 0.57 0.12
Detected lines of CH213CHCN
94,6-84,5 84961.208 7.22 54.1 0.86 84962.9 0.01 0.01
94,5-84,4 84961.208† 7.22 54.1 0.65 ” ” ”
95,5-85,4 84963.011† 6.22 73.0 5.50 ” ” ”
95,4-85,3 84963.011† 6.22 73.0 5.50 ” ” ”
92,7-82,6 85278.270 8.56 28.9 8.17(2) 85277.4 0.02 0.01
101,10-91,9 91880.967 9.90 26.4 7.35(16) 91880.3 0.01 0.01
100,10-90,9 93739.396 9.99 24.8 2.44(2) 93740.1 0.02 0.01
102,8-92,7 94844.358 9.60 33.4 5.42(17) 94844.2 0.01 0.01
112,10-102,9 103648.488 10.60 38.3 6.19(16) 103648.1 0.04 0.01
115,7-105,6 103851.088 8.73 82.5 4.94 103851.1 0.01 0.02
115,6-105,5 103851.088† 8.73 82.5 4.95 ” ” ”
114,8-104,7 103855.518 9.55 63.6 4.65 103855.6 0.01 0.02
114,7-104,6 103855.773† 9.55 63.6 5.38 ” ” ”
116,6-106,5 103859.695 7.73 105.6 6.71 103859.1 0.01 0.02
116,5-106,4 103859.695† 7.73 105.6 6.71 ” ” ”
113,9-103,8 103879.329 10.20 48.9 5.72 103879.1 0.01 0.01
118,4-108,3 103898.217 5.18 164.3 5.28 103898.1 0.01 0.01
118,3-108,2 103898.217† 5.18 164.3 5.28 ” ” ”
113,8-103,7 103902.551 10.20 48.9 6.18 103902.1 0.03 0.01
120,12-110,11 112181.663 12.00 35.1 1.51(2) 112183.0 0.03 0.02
126,7-116,6 113303.920 9.00 111.1 2.29 113304.9 0.08 0.04
126,6-116,5 113303.920† 9.00 111.1 2.29 ” ” ”
124,9-114,8 113305.692† 10.70 69.0 6.98 ” ” ”
124,8-114,7 113306.168† 10.70 69.0 8.24 ” ” ”
123,9-113,8 113372.402 11.20 54.3 3.59(2,15) 113372.9 0.04 0.03
129,4-119,3 113372.466† 5.25 205.3 3.76(2,15) ” ” ”
129,3-119,2 113372.466† 5.25 205.3 3.76(2,15) ” ” ”
140,14-130,13 130481.709 14.00 47.2 5.48 130481.5 0.09 0.03
145,10-135,9 132191.757 12.20 100.2 4.38(2) 132192.0 0.13 0.05
145,9-135,8 132191.770† 12.20 100.2 4.41(2) ” ” ”
146,9-136,8 132194.320† 11.40 123.3 7.81(2) ” ” ”
146,8-136,7 132194.320† 11.40 123.3 7.81(2) ” ” ”
147,8-137,7 132210.248 10.50 150.6 6.59 132209.5 0.03 0.05
147,7-137,6 132210.248† 10.50 150.6 6.59 132209.5 0.03 0.05
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Tabla B.8: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(3) TMB (K)
144,11-134,10 132212.906 12.90 81.3 1.40 132214.4 0.05 0.05
144,10-134,9 132214.343† 12.90 81.3 4.66 ” ” ”
149,6-139,5 132267.130 8.21 217.6 3.32 132267.8 0.03 0.01
149,5-139,4 132267.130† 8.21 217.6 3.32 ” ” ”
143,11-133,10 132335.676 13.40 66.6 1.92(7,18) 132337.0 0.05 0.05
151,15-141,14 137566.400 14.90 55.0 5.42(2) 137566.2 0.08 0.03
154,12-144,11 141670.249 13.90 88.1 0.02(3,7,16) 141672.6 0.19 0.04
154,11-144,10 141672.597† 13.90 88.1 4.98(3,7,16) ” ” ”
158,8-148,7 141681.016 10.70 188.8 4.66 141681.2 0.10 0.03
158,7-148,6 141681.016† 10.70 188.8 4.66 ” ” ”
159,7-149,6 141714.333 9.60 224.4 5.89 141713.9 0.08 0.02
159,6-149,5 141714.333† 9.60 224.4 5.89 ” ” ”
151,14-141,13 144397.619 14.90 57.7 3.90(2) 144398.2 0.11 0.04
166,11-156,10 151087.659 13.80 137.4 4.25(2) 151088.1 0.08 0.06
166,10-156,9 151087.660† 13.80 137.4 4.26(2) ” ” ”
165,12-155,11 151092.389 14.40 114.2 3.80 151093.0 0.07 0.07
165,11-155,10 151092.435† 14.40 114.2 3.89 ” ” ”
167,10-157,9 151101.329 12.90 164.6 7.18(2) 151100.2 0.05 0.04
167,9-157,8 151101.329† 12.90 164.6 7.18(2) ” ” ”
163,14-153,13 151185.941 15.40 80.6 5.83(2) 151185.5 0.14 0.04
163,13-153,12 151338.305 15.40 80.6 5.48(3) 151338.1 0.16 0.04
162,14-152,13 152792.900 15.70 70.4 5.78 152792.5 0.07 0.04
161,15-151,14 153925.602 15.90 65.0 3.55 153926.3 0.10 0.04
171,17-161,16 155774.417 16.90 69.5 4.90 155774.4 0.08 0.05
170,17-160,16 157676.383 17.00 68.6 3.96(19) 157676.9 0.15 0.05
172,16-162,15 159872.600 16.80 77.6 3.88(2) 159873.2 0.14 0.05
173,15-163,14 160651.973 16.50 88.3 4.28 160652.4 0.11 0.07
1710,8-1610,7 160652.085† 11.10 279.0 4.48 ” ” ”
1710,7-1610,6 160652.085† 11.10 279.0 4.48 ” ” ”
173,14-163,13 160857.742 16.50 88.3 0.98(2) 160859.9 0.15 0.05
181,18-171,17 164863.832 17.90 77.4 3.03(2) 164864.9 0.10 0.06
185,14-175,13 169999.413 16.60 130.1 5.25 169999.2 0.13 0.09
185,13-175,12 169999.549† 16.60 130.1 5.49 ” ” ”
217,15-207,14 198336.172 18.70 207.7 4.26 198336.7 0.18 0.18
217,14-207,13 198336.172† 18.70 207.7 4.26 ” ” ”
216,16-206,15 198336.544† 19.30 180.4 4.83 ” ” ”
216,15-206,14 198336.552† 19.30 180.4 4.84 ” ” ”
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Tabla B.8: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(3) TMB (K)
218,14-208,13 198358.019 18.00 239.1 1.45(2) 198360.4 0.12 0.07
218,13-208,12 198358.019† 18.00 239.1 1.45(2) ” ” ”
215,17-205,16 198373.594 19.80 157.3 7.06 198372.3 0.08 0.12
215,16-205,15 198374.147† 19.80 157.3 7.90 ” ” ”
213,18-203,17 199092.108 20.60 123.8 8.64(20) 199089.6 0.15 0.08
211,20-201,19 201198.679 20.90 108.8 5.42(21) 201198.4 0.32 0.08
212,19-202,18 201592.022 20.80 114.1 2.97(12) 201593.4 0.13 0.08
220,22-210,21 202505.143 20.00 112.9 5.04 202505.1 0.12 0.12
222,20-212,19 211359.784 21.80 124.3 7.08(3) 211358.3 0.18 0.13
230,23-220,22 211429.215 23.00 123.1 6.22(2) 211428.4 0.28 0.14
232,22-222,21 215711.803 22.80 133.0 6.48 215710.7 0.19 0.09
2310,13-2210,12 217338.842 18.70 334.8 6.02(2) 217338.1 0.11 0.10
2310,14-2210,13 217338.842† 18.70 334.8 6.02(2) ” ” ”
234,19-224,18 217478.958 22.30 158.8 2.97(7,22) 217480.4 0.18 0.18
2313,11-2213,10 217555.655 15.70 478.1 5.21(23) 217555.5 0.07 0.05
2313,10-2213,9 217555.655† 15.70 478.1 5.21(23) ” ” ”
244,21-234,20 226914.854 23.30 169.7 8.17(2,8) 226912.5 0.34 0.11
241,23-231,22 229192.300 23.90 140.5 4.84(2) 229192.4 0.31 0.11
242,22-232,21 230867.264 23.80 146.0 4.96 230867.3 0.15 0.10
258,18-248,17 236144.993 22.40 281.7 5.75(12) 236144.3 0.23 0.18
258,17-248,16 236144.993† 22.40 281.7 5.75(12) ” ” ”
254,21-244,20 236485.130 24.40 181.1 4.43(16) 236485.5 0.21 0.09
2612,15-2512,14 245823.098 20.50 460.3 4.84(7) 245823.2 0.25 0.04
2612,14-2512,13 245823.098† 20.50 460.3 4.84(7) ” ” ”
277,21-267,20 255034.614 25.20 274.3 6.01 255033.8 0.13 0.15
277,20-267,19 255034.616† 25.20 274.3 6.01 ” ” ”
280,28-270,27 255998.483 28.00 180.2 3.03(2) 256000.2 0.09 0.12
287,22-277,21 264486.421 26.30 287.0 6.95(2) 264484.7 0.39 0.20
287,21-277,20 264486.424† 26.30 287.0 6.96(2) ” ” ”
288,21-278,20 264486.614† 25.70 318.5 7.17(2) ” ” ”
288,20-278,19 264486.614† 25.70 318.5 7.17(2) ” ” ”
286,23-276,22 264532.104 26.70 259.8 7.06 264532.5 0.08 0.15
286,22-276,21 264532.282† 26.70 259.8 7.06 ” ” ”
2810,19-2710,18 264568.160 24.40 393.7 4.56 264566.5 0.13 0.07
2810,18-2710,17 264568.160† 24.40 393.7 4.56 ” ” ”
2811,17-2711,16 264636.565 23.70 437.5 4.75 264636.8 0.12 0.12
2811,18-2711,17 264636.565† 23.70 437.5 4.75 ” ” ”
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Tabla B.8: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(3) TMB (K)
283,26-273,25 264645.465 27.70 203.1 5.60(2) 264645.0 0.37 0.12
284,25-274,24 264871.923 27.40 217.8 6.01(7) 264871.1 0.17 0.07
294,25-284,24 274598.803 28.40 231.0 6.07 274597.8 0.16 0.11
291,28-281,27 275088.323 28.90 202.1 6.54 275086.9 0.29 0.12
Detected lines of CH2CH13CN
95,5-85,4 85041.672 6.22 74.4 2.61(2) 85042.4 0.02 0.01
95,4-85,3 85041.672† 6.22 74.4 2.61(2) ” ” ”
96,4-86,3 85053.074 5.00 98.1 3.16 85055.4 0.01 0.01
96,3-86,2 85053.074† 5.00 98.1 3.16 ” ” ”
93,6-83,5 85055.519† 8.00 39.9 5.47 ” ” ”
100,10-90,9 93864.835 9.99 24.8 3.50(2) 93865.2 0.02 0.01
104,7-94,6 94492.465 8.40 59.5 4.19 94492.7 0.01 0.02
104,6-94,5 94492.573† 8.40 59.5 4.53 ” ” ”
105,6-95,5 94493.595† 7.50 78.9 7.78 ” ” ”
105,5-95,4 94493.596† 7.50 78.9 7.78 ” ” ”
106,5-96,4 94504.845 6.40 102.7 6.95 94504.2 0.01 0.01
106,4-96,3 94504.845† 6.40 102.7 6.95 ” ” ”
101,9-91,8 96546.691 9.90 27.7 6.55 96546.2 0.02 0.01
115,7-105,6 103946.416 8.73 83.9 5.81 103946.1 0.01 0.02
115,6-105,5 103946.417† 8.73 83.9 5.82 ” ” ”
114,8-104,7 103948.418 9.55 64.5 3.41 103949.1 0.01 0.03
114,7-104,6 103948.418† 9.55 64.5 3.41 ” ” ”
113,9-103,8 103969.448 10.20 49.4 7.01(2) 103973.6 0.01 0.01
117,5-107,4 103975.484 6.55 135.6 3.20 103976.1 0.01 0.01
117,4-107,3 103975.484† 6.55 135.6 3.20 ” ” ”
113,8-103,7 103990.119 10.18 49.4 7.62 103989.2 0.03 0.02
111,10-101,9 106162.668 10.90 32.8 3.90 106163.1 0.03 0.01
125,8-115,7 113400.222 9.92 89.4 3.07 113401.0 0.05 0.03
125,7-115,6 113400.225† 9.92 89.4 3.07 ” ” ”
145,10-135,9 132311.141 12.20 101.6 2.72 132312.1 0.03 0.04
145,9-135,8 132311.152† 12.20 101.6 2.75 ” ” ”
146,9-136,8 132316.868 11.40 125.3 5.75 132316.5 0.05 0.04
146,8-136,7 132316.868† 11.40 125.3 5.75 ” ” ”
144,11-134,10 132328.201 12.90 82.2 4.70 132328.3 0.01 0.05
144,10-134,9 132328.201† 12.90 82.2 7.47 ” ” ”
147,8-137,7 132335.677 10.50 153.3 3.20(18,24) 132336.4 0.05 0.05
147,7-137,6 132335.677† 10.50 153.3 3.20(18,24) ” ” ”
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Tabla B.8: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(3) TMB (K)
149,5-139,4 132398.474 8.21 222.1 3.14(2) 132399.3 0.04 0.02
149,6-139,5 132398.474† 8.21 222.1 3.14(2) ” ” ”
151,15-141,14 137797.972 14.90 55.2 2.29(5) 137799.3 0.05 0.04
155,11-145,10 141768.428 13.30 108.4 6.69(3,16,24) 141767.6 0.10 0.06
155,10-145,9 141768.448† 13.30 108.4 6.73(3,16,24) ” ” ”
156,10-146,9 141771.326 12.60 132.1 6.40 141770.6 0.05 0.06
156,9-146,8 141771.326† 12.60 132.1 6.40 ” ” ”
154,12-144,11 141792.584 13.90 89.0 4.85(18) 141792.7 0.18 0.06
154,11-144,10 141794.576† 13.90 89.0 9.06(18) ” ” ”
162,15-152,14 150690.654 15.70 70.2 7.11(2) 150689.6 0.11 0.04
166,11-156,10 151226.450 13.80 139.4 5.74 151226.1 0.19 0.11
166,10-156,9 151226.450† 13.80 139.4 5.74 ” ” ”
165,12-155,11 151227.049† 14.40 115.7 6.93 ” ” ”
165,11-155,10 151227.086† 14.40 115.7 7.00 ” ” ”
167,10-157,9 151243.718 12.90 167.4 7.71(2) 151242.4 0.15 0.04
167,9-157,8 151243.718† 12.90 167.4 7.71(2) ” ” ”
169,8-159,7 151310.922 10.90 236.1 3.26(25) 151311.8 0.14 0.06
169,7-159,6 151310.922† 10.90 236.1 3.26(25) ” ” ”
163,14-153,13 151311.820† 15.40 81.2 5.04(25) ” ” ”
163,13-153,12 151447.586 15.40 81.2 4.02 151448.1 0.04 0.04
161,15-151,14 154034.309 15.90 65.1 7.66(2) 154032.9 0.07 0.05
170,17-160,16 157978.097 17.00 68.7 6.25(2) 157977.4 0.18 0.05
175,13-165,12 160687.089 15.50 123.4 1.63(2) 160688.9 0.11 0.09
175,12-165,11 160687.154† 15.50 123.4 1.75(2) ” ” ”
178,10-168,9 160727.492 13.20 207.4 3.29 160728.4 0.06 0.08
178,9-168,8 160727.492† 13.20 207.4 3.29 ” ” ”
174,14-164,13 160728.776† 13.20 207.4 5.69 ” ” ”
174,13-164,12 160733.611 16.10 104.0 9.16 160731.4 0.06 0.06
171,16-161,15 163555.565 16.90 73.0 7.36(2) 163554.3 0.15 0.05
180,18-170,17 167011.915 18.00 76.7 4.25 167012.3 0.10 0.06
219,12-209,11 198588.933 17.10 279.3 7.61(2,26) 198587.2 0.31 0.11
219,13-209,12 198588.933† 17.10 279.3 7.61(2,26) ” ” ”
214,17-204,16 198654.522 20.20 139.4 4.75(27) 198654.6 0.20 0.07
2113,9-2013,8 198864.217 13.00 467.0 6.22(2) 198863.4 0.10 0.04
2113,8-2013,7 198864.217† 13.00 467.0 6.22(2) ” ” ”
221,22-211,21 201496.193 21.95 113.7 3.60 201497.1 0.10 0.13
225,18-215,17 208011.503 20.90 168.8 5.06 208011.4 0.14 0.13
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Tabla B.8: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(3) TMB (K)
225,17-215,16 208012.186† 20.90 168.8 6.04 ” ” ”
224,18-214,17 208145.690 21.30 149.4 4.84(14) 208145.8 0.60 0.14
223,20-213,19 208147.515† 21.60 134.3 7.47(14) ” ” ”
223,19-213,18 208793.453 21.60 134.4 3.38(13) 208794.6 0.16 0.08
221,21-211,20 210792.865 21.90 119.1 7.06 210791.4 0.05 0.09
238,16-228,15 217455.913 20.20 263.2 5.08(20) 217455.9 0.23 0.15
238,15-228,14 217455.913† 20.20 263.2 5.08(20) ” ” ”
235,19-225,18 217481.788 21.90 179.2 6.81(22,24) 217480.5 0.18 0.18
235,18-225,17 217482.809† 21.90 179.2 6.81(22,24) ” ” ”
2310,14-2210,13 217555.669 18.70 340.4 5.47(24) 217555.3 0.11 0.07
2310,13-2210,12 217555.669† 18.70 340.4 5.47(24) ” ” ”
231,22-221,21 220152.450 22.90 129.6 5.55(13) 220152.1 0.29 0.15
238,17-228,16 226910.697 21.30 274.1 3.47(8,28) 226912.0 0.20 0.16
238,16-228,15 226910.697† 21.30 274.1 3.47(8,28) ” ” ”
249,16-239,15 226953.129 20.60 310.6 3.41 226954.4 0.24 0.20
249,15-239,14 226953.129† 20.60 310.6 3.41 ” ” ”
245,20-235,19 226954.048† 23.00 190.1 4.63 ” ” ”
245,19-235,18 226955.550† 23.00 190.1 6.61 ” ” ”
243,22-233,21 227078.166 23.60 155.6 3.54(2) 227079.3 0.23 0.15
2411,14-2311,13 227078.166† 19.00 396.2 8.29(2) ” ” ”
2411,13-2311,12 227078.166† 19.00 396.2 8.29(2) ” ” ”
244,20-234,19 227144.220 23.30 170.7 4.84 227144.4 0.22 0.08
255,21-245,20 236428.352 24.00 201.5 3.99 236429.1 0.33 0.14
255,20-245,19 236430.522† 24.00 201.5 6.76 ” ” ”
254,22-244,21 236580.913 24.40 182.1 3.74 236581.9 0.17 0.14
267,20-257,19 245803.734 24.10 265.0 6.76(2) 245802.3 0.43 0.12
267,19-257,18 245803.734† 24.10 265.0 6.76(2) ” ” ”
268,19-258,18 245820.291 23.50 297.2 1.42(24) 245823.2 0.25 0.23
268,18-258,17 245820.291† 23.50 297.2 1.42(24) ” ” ”
266,21-256,20 245823.610† 24.60 237.0 5.47(24) ” ” ”
266,20-256,19 245823.671† 24.60 237.0 5.55(24) ” ” ”
264,22-254,21 246168.061 25.40 193.9 6.60 246166.7 0.05 0.10
270,27-260,26 247623.100 27.00 168.3 4.95(2) 247623.1 0.27 0.18
276,22-266,21 255288.823 25.70 249.2 3.79 255289.8 0.07 0.16
276,21-266,20 255288.952† 25.70 249.2 3.90 ” ” ”
273,25-263,24 255438.888 26.70 191.0 7.55(2) 255436.7 0.16 0.18
281,28-271,27 255765.736 28.00 180.8 5.72 255765.1 0.17 0.12
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Tabla B.8: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(3) TMB (K)
287,22-277,21 264720.544 26.30 289.9 3.34 264722.0 0.18 0.17
287,21-277,20 264720.546† 26.30 289.9 3.35 ” ” ”
291,29-281,28 264786.504 29.00 193.5 4.48(2) 264787.0 0.32 0.20
285,23-275,22 264870.124 27.10 238.2 4.00(24) 264871.0 0.18 0.21
283,26-273,25 264879.672 27.70 203.8 4.63(2) 264880.0 0.12 0.15
284,25-274,24 265066.247 27.40 218.9 7.35(2,29) 265064.2 0.25 0.17
292,28-282,27 271471.236 28.85 204.9 4.81(2) 271471.4 0.29 0.20
301,30-301,29 273801.416 30.00 206.7 3.42(4,16) 273802.8 0.41 0.12
299,21-289,20 274221.324 26.20 371.8 6.93(2) 274219.5 0.24 0.21
299,20-289,19 274221.324† 26.20 371.8 6.93(2) ” ” ”
296,24-286,23 274222.768† 27.80 275.1 8.51(2) ” ” ”
296,23-286,22 274222.971† 27.80 275.1 8.73(2) ” ” ”
293,27-283,26 274312.655 28.70 216.9 5.05 274312.6 0.20 0.11
295,25-285,24 274347.147 28.10 251.4 4.46(30) 274347.6 0.22 0.10
300,30-290,29 274419.275 30.00 206.5 6.75 274417.6 0.14 0.12
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Tabla A11. Emission lines of of 13CH2CHCN, CH213CHCN and CH2CH13CN isotopologues in its
ground state present in the spectral scan of the Orion-KL from the radio-telescope of IRAM 30-m.
Column 1 indicates the line transition, Col. 2 gives the predicted frequency in the laboratory, Col. 3 the
line strength, Col. 4 upper level energy, Col. 5 observed radial velocities relatives (vLS R), Col. 6
observed centroid frequencies assuming a vLS R of 5 km s−1, Col. 7 observed mean beam temperature,
and Col. 8 mean beam temperature obtained with the model. † blended with the last one.
(1) peak line intensity. (2) blended with U-line. (3) blended with HCOOCH3. (4) blended with
CH2CHC15N. (5) blended with DCOOCH3. (6) blended with HCOO13CH3. (7) blended with
CH2CH13CN. (8) blended with g+-CH3CH2OH. (9) blended with H2CCS. (10) blended with
CH3CH2CN 313/321 (11) blended with CH3CCD. (12) blended with t-CH3CH2OH. (13) blended with
CH3CH2CN. (14) blended with CH2CHCN 311=1. (15) blended with CH3COOH 3t=0. (16) blended
with (CH3)2CO. (17) blended with CH2CHCN 310/311315. (18) blended with H13COOCH3. (19)
blended with SO18O. (20) blended with CH3CHO. (21) blended with SO17O. (22) blended with 13CN.
(23) blended with CH2CH13CN. (24) blended with CH213CHCN. (25) blended with HCOOCH3 3t=1.
(26) blended with 13CH2CHCN. (27) blended with NH2D. (28) blended with 13CH3OH. (29) blended
with 33SO2. (30) blended with SO2 32=2.
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Tabla B.9: Detected lines of vinyl isocyanide (CH2CHNC) .
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
92,8-82,7 92222.557 8.56 31.0 2.74 92223.3 0.02 0.01
93,7-83,6 92376.457 8.00 42.2 8.82(3) 92375.3 0.03 0.01
96,4-86,3 92379.404 5.00 102.0 5.48(7) 92379.3 0.01 0.01
96,3-86,2 92379.404† 5.00 102.0 5.48(7) 92379.3 0.01 0.01
93,6-83,5 92386.902 8.00 42.2 6.95 92386.3 0.02 0.01
91,8-81,7 94492.306 8.89 24.9 5.01(3) 94492.3 0.03 0.01
102,9-93,8 102444.894 9.60 36.0 4.21 102445.1 0.03 0.01
105,6-95,5 102633.298 7.50 82.6 2.57 102634.1 0.03 0.03
105,5-95,4 102633.299† 7.50 82.6 2.57 102634.1 0.03 0.03
104,7-94,6 102633.302† 8.40 62.6 2.58 102634.1 0.03 0.03
104,6-94,5 102633.470† 8.40 62.6 3.07 102634.1 0.03 0.03
106,5-96,4 102645.824 6.40 107.0 1.27 102647.1 0.03 0.01
106,4-96,3 102645.824† 6.40 107.0 1.27 102647.1 0.03 0.01
107,4-97,3 102666.246 5.10 135.7 2.47 102667.1 0.02 0.01
107,3-97,2 102666.246† 5.10 135.7 2.47 102667.1 0.02 0.01
101,9-91,8 104951.762 9.90 30.0 1.74 104952.9 0.04 0.02
111,11-101,10 109739.072 10.90 33.9 2.54(7) 109739.9 0.05 0.02
110,11-100,10 111869.523 11.00 32.3 5.88 111869.2 0.02 0.02
115,7-105,6 112901.295 8.73 88.0 0.95(7) 112902.8 0.06 0.02
115,6-105,5 112901.297† 8.73 88.0 0.96(7) 112902.8 0.06 0.02
114,8-104,7 112905.398 9.55 68.1 6.20(4) 112904.9 0.08 0.03
114,7-104,6 112905.735† 9.55 68.1 7.10(4) 112904.9 0.08 0.03
113,9-103,8 112931.938 10.20 52.5 0.07(5) 112933.8 0.03 0.02
117,5-107,4 112934.052† 6.55 141.1 5.68(5) 112933.8 0.03 0.02
117,4-107,3 112934.052† 6.55 141.1 5.68(5) 112933.8 0.03 0.02
113,8-103,7 112960.948 10.20 52.5 2.10(7) 112962.0 0.05 0.02
118,3-108,2 112962.337† 5.18 174.2 5.79(7) 112962.0 0.05 0.02
118,4-108,3 112962.337† 5.18 174.2 5.79(7) 112962.0 0.05 0.02
132,12-122,11 133062.524 12.70 53.6 3.41(6) 133063.2 0.04 0.03
133,10-123,9 133566.376 12.30 64.8 6.48 133565.7 0.04 0.03
132,11-122,10 134563.575 12.70 53.9 4.75(7) 134563.7 0.08 0.04
140,14-130,13 141702.008 14.00 51.3 5.82 141701.6 0.04 0.04
142,13-132,12 143249.491 13.70 60.5 7.69 143248.2 0.06 0.04
145,10-135,9 143713.735 12.20 107.2 5.20(8) 143713.6 0.08 0.06
145,9-135,8 143713.754† 12.20 107.2 5.23(8) 143713.6 0.08 0.06
155,11-145,10 153987.760 13.30 114.6 2.25(7) 153989.1 0.04 0.12
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Tabla B.9: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
155,10-145,9 153987.760† 13.30 114.6 2.25(7) 153989.1 0.04 0.12
156,10-146,9 153988.814† 12.60 139.0 4.30(7) 153989.1 0.04 0.12
156,9-146,8 153988.814† 12.60 139.0 4.30(7) 153989.1 0.04 0.12
151,14-141,13 157010.812 14.90 62.6 3.35(9) 157011.7 0.12 0.06
166,11-156,10 164260.029 13.80 146.9 4.75 164260.2 0.08 0.08
166,10-156,9 164260.029† 13.80 146.9 4.75 164260.2 0.08 0.08
165,12-155,11 164263.585† 14.40 122.5 4.19 164264.0 0.10 0.09
165,11-155,10 164263.649† 14.40 122.5 4.31 164264.0 0.10 0.09
161,15-151,14 167360.847 15.90 70.7 8.16 167359.1 0.11 0.07
176,12-166,11 174532.261 14.90 155.3 3.65(7) 174533.1 0.14 0.08
176,11-166,10 174532.262† 14.90 155.3 3.65(7) 174533.1 0.14 0.08
192,17-182,16 198094.397 18.80 103.3 4.50(10) 198094.8 0.09 0.10
191,18-181,17 198245.681 18.90 97.7 8.79 198242.9 0.10 0.10
203,18-193,17 205532.002 19.50 123.5 8.41 205529.7 0.10 0.10
211,21-201,20 208561.673 20.90 112.7 2.99 208563.0 0.15 0.12
210,21-200,20 210109.177 21.00 112.1 6.30(11) 210108.3 0.17 0.12
219,13-209,12 215713.949 17.10 293.0 4.28 215714.4 0.07 0.08
219,12-209,11 215713.949† 17.10 293.0 4.28 215714.4 0.07 0.08
227,16-217,15 225908.459 19.80 233.3 0.49(7) 225911.9 0.29 0.25
227,15-217,14 225908.459† 19.80 233.3 0.49(7) 225911.9 0.29 0.25
226,17-216,16 225910.824† 20.40 204.5 3.63(7) 225911.9 0.29 0.25
226,16-216,15 225910.824† 20.40 204.5 3.63(7) 225911.9 0.29 0.25
225,18-215,17 225962.718 20.90 180.2 2.81 225964.4 0.14 0.18
225,17-215,16 225963.898† 20.90 180.2 4.38 225964.4 0.14 0.18
230,23-220,22 229481.234 23.00 133.7 4.25 229481.8 0.17 0.14
222,20-212,19 229980.848 21.80 134.9 3.77(8) 229981.8 0.17 0.14
235,19-225,18 236254.284 21.90 191.5 3.58(7) 236255.3 0.44 0.30
239,15-229,14 236255.997† 19.50 315.2 5.75(7) 236255.3 0.44 0.30
239,14-229,13 236255.997† 19.50 315.2 5.75(7) 236255.3 0.44 0.30
235,18-225,17 236256.048† 21.90 191.5 5.82(7) 236255.3 0.44 0.30
233,21-223,20 236384.511 22.60 156.1 2.19 236386.7 0.12 0.13
240,24-230,23 239157.986 24.00 145.1 4.55 239158.3 0.12 0.15
242,23-232,22 244431.193 23.80 156.0 7.21(12) 244429.3 0.28 0.15
244,21-234,20 246718.016 23.30 183.4 4.81(13) 246718.2 0.22 0.13
252,24-242,23 254469.066 24.80 168.2 5.05(14) 254469.0 0.28 0.16
259,17-249,16 256797.427 21.80 339.4 5.40 256797.1 0.13 0.13
259,16-249,15 256797.427† 21.80 339.4 5.40 256797.1 0.13 0.13
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Tabla B.9: continued.
Transition Predicted S i j Eu vLS R(1) Observed Observed Model
JKa,Kc − J′K′a,K′c frequency (MHz) (K) km s−1 frequency (MHz) TMB (K)(2) TMB (K)
253,23-243,22 256927.817 24.60 180.2 4.81 256928.0 0.17 0.15
262,25-252,24 264490.900 25.80 180.9 7.03 264489.1 0.34 0.17
267,20-257,19 267007.551 24.10 281.6 4.87(4) 267007.6 0.37 0.20
267,19-257,18 267007.552† 24.10 281.6 4.87(4) 267007.6 0.37 0.20
266,21-256,20 267038.205 24.60 252.8 2.94(8) 267040.0 0.26 0.23
266,20-256,19 267038.322† 24.60 252.8 3.07(8) 267040.0 0.26 0.23
264,23-254,22 267352.714 25.40 208.6 3.70(7) 267353.8 0.15 0.15
271,27-261,26 267369.330 26.90 182.6 6.76 267367.7 0.20 0.18
2613,13-2513,12 267442.899 19.50 544.7 5.15 267442.7 0.16 0.06
2613,14-2513,13 267442.899† 19.50 544.7 5.15 267442.7 0.16 0.06
272,26-262,25 274496.540 26.80 194.1 5.30 274496.2 0.18 0.18
276,22-266,21 277323.960 25.70 266.1 5.15 277323.8 0.27 0.24
276,21-266,20 277324.137† 25.70 266.1 5.34 277323.8 0.27 0.24
2710,17-2610,16 277406.493 23.30 407.2 5.15(15) 277406.4 0.21 0.12
2710,18-2610,17 277406.493† 23.30 407.2 5.15(15) 277406.4 0.21 0.12
Tabla A12. Emission lines of vinyl isocyanide (CH2CHNC) present in the spectral scan of the
Orion-KL from the radio-telescope of IRAM 30-m. Column 1 indicates the line transition, Col. 2 gives
the predicted frequency in the laboratory, Col. 3 the line strength, Col. 4 upper level energy, Col. 5
observed radial velocities relatives (vLS R), Col. 6 observed centroid frequencies assuming a vLS R of
5 km s−1, Col. 7 observed mean beam temperature, and Col. 8 mean beam temperature obtained with
the model. † blended with the last one.
(1) peak line observed velocity. (2) peak line intensity. (3) blended with HCOOCH3 3t=1. (4) blended
with HCOOCH3. (5) blended with H13COOCH3. (6) blended with CH2CHCN. (7) blended with U-line.
(8) blended with SO18O. (9) blended with DCOOCH3. (10) blended with O-H2CS. (11) blended with
HCDCHCN. (12) blended with CH3CH2CN. (13) blended with (CH3)2CO. (14) blended with
CH3CH2C15N. (15) blended with HCOO13CH3.
Ape´ndice C
Tercero et al. 2013, ApJ, 770, L13
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Tabla C.1: Lı´neas de CH3OCOCH3 en Orio´n-KL con los datos de IRAM-30m.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
13 0 13 12 1 12 E3 82779.635 0.012 28.6 31.30 82780.2 b 0.03 CH3CH2CN, 33SO2
13 0 13 12 1 12 E4 82779.725 0.012 28.6 31.30 82780.2 d
13 0 13 12 1 12 EA 82780.026 0.012 28.6 31.30 82780.2 d
13 1 13 12 0 12 E4 82808.862 0.012 28.6 31.30 82809.2 b 0.04 HCOOCH3 νt=1
13 1 13 12 0 12 E3 82808.881 0.012 28.6 31.30 82809.2 d
13 1 13 12 0 12 EA 82809.267 0.012 28.6 31.30 82809.2 d
13 0 13 12 1 12 AE 82823.351 0.012 28.6 31.30 82823.2 b 0.04
13 0 13 1 12 1 12 1 AA 82823.702 0.012 28.6 31.30 82823.2 d
13 1 13 12 0 12 AE 82860.672 0.012 28.6 31.30 82860.3 b 0.04
13 1 13 1 12 0 12 1 AA 82861.088 0.012 28.6 31.30 82860.3 d
13 -1 12 12 2 11 AE 88005.836 0.013 31.8 23.80 88004.3 b 0.04 U-line,CH3CH2OCOH
13 1 12 -1 12 2 11 -1 AA 88006.476 0.012 31.8 23.80 88004.3 d
14 0 14 13 1 13 E3 88939.251 0.015 32.8 34.00 88004.3 b CH3OH
14 0 14 13 1 13 E4 88939.307 0.015 32.8 34.00 88004.3 d
14 0 14 13 1 13 EA 88939.623 0.015 32.8 34.00 88004.3 d
14 1 14 13 0 13 E3 88953.729 0.015 32.8 34.00 88954.2 b 0.05
14 1 14 13 0 13 E4 88953.732 0.015 32.8 34.00 88954.2 d
14 1 14 13 0 13 EA 88954.100 0.015 32.8 34.00 88954.2 d
14 0 14 13 1 13 AE 88984.328 0.015 32.9 34.00 88984.2 b 0.03
14 0 14 1 13 1 13 1 AA 88984.680 0.015 32.9 34.00 88984.2 d
14 1 14 13 0 13 AE 89002.931 0.015 32.9 34.00 89003.1 b 0.02
14 1 14 1 13 0 13 1 AA 89003.318 0.015 32.9 34.00 89003.1 d
14 -1 13 13 2 12 E3 94313.817 0.014 36.3 26.70 94315.2 b 0.03
14 -1 13 13 2 12 E4 94314.988 0.014 36.3 26.70 94315.2 d
14 -1 13 13 2 12 EA 94315.443 0.014 36.3 26.70 94315.2 d
14 -1 13 13 2 12 AE 94406.395 0.016 36.4 26.60 94315.2 b 13CH3OH
14 1 13 -1 13 2 12 -1 AA 94407.359 0.016 36.4 26.60 94315.2 d
14 2 13 13 -1 12 E4 94846.362 0.015 36.3 26.70 94845.2 b 0.03 CH213CHCN
14 2 13 13 -1 12 E3 94847.147 0.015 36.3 26.70 94845.2 d
14 2 13 13 -1 12 EA 94848.625 0.015 36.3 26.70 94848.3 0.04
14 2 13 13 -1 12 AE 95078.847 0.016 36.4 26.60 95079.2 b 0.04
14 2 13 -1 13 1 12 -1 AA 95080.895 0.016 36.4 26.60 95079.2 d
15 0 15 14 1 14 E3 95095.381 0.018 37.4 36.70 95095.2 b 0.05
15 0 15 14 1 14 E4 95095.417 0.018 37.4 36.70 95095.2 d
15 0 15 14 1 14 EA 95095.735 0.018 37.4 36.70 95095.2 d
15 1 15 14 0 14 E3 95102.484 0.018 37.4 36.70 95095.2 b CH3CH2CN
15 1 15 14 0 14 E4 95102.496 0.018 37.4 36.70 95095.2 d
15 1 15 14 0 14 EA 95102.840 0.018 37.4 36.70 95095.2 d
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3 Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
15 0 15 14 1 14 AE 95140.843 0.019 37.4 36.70 95141.2 b 0.07
15 0 15 1 14 1 14 1 AA 95141.189 0.019 37.4 36.70 95141.2 d
15 1 15 14 0 14 AE 95150.031 0.019 37.4 36.70 95149.6 b 0.05
15 1 15 1 14 0 14 1 AA 95150.395 0.019 37.4 36.70 95149.6 d
15 8 8 15 7 9 AE 99453.375 0.037 62.9 18.40 99453.2 0.03
24 5 20 24 4 21 AE 99760.840 0.062 114.0 27.30 99761.2 b 0.04
19 -1 18 19 0 19 E4 99761.002 0.045 63.4 6.79 99761.2 d
19 -1 18 19 0 19 E3 99761.069 0.045 63.4 6.79 99761.2 d
14 8 7 14 7 8 AE 99855.500 0.037 57.6 16.30 99856.1 b 0.04
25 9 17 25 8 18 EA 99856.333 0.092 139.5 38.40 99856.1 d
26 6 21 26 5 22 AE 100260.011 0.087 136.3 34.10 100265.1 0.05 U-line
26 6 21 -1 26 5 22 1 AA 100272.131 0.086 136.3 34.10 100272.1 0.04
15 -1 14 14 2 13 E3 100573.374 0.018 41.1 29.50 100576.2 b 0.06 HCOOCH3
15 -1 14 14 2 13 E4 100574.039 0.018 41.1 29.50 100576.2 d
15 -1 14 14 2 13 EA 100574.893 0.018 41.1 29.50 100576.2 d
15 -1 14 14 2 13 AE 100696.502 0.020 41.2 29.40 100697.1 b 0.04
15 1 14 -1 14 2 13 -1 AA 100697.661 0.019 41.2 29.40 100697.1 d
15 2 14 14 -1 13 E4 100861.610 0.018 41.1 29.50 100862.1 b 0.03
15 2 14 14 -1 13 E3 100861.974 0.018 41.1 29.50 100862.1 d
15 2 14 14 -1 13 EA 100863.464 0.018 41.1 29.50 100862.1 d
15 2 14 14 -1 13 AE 101062.832 0.020 41.2 29.40 101064.1 b 0.04
15 2 14 -1 14 1 13 -1 AA 101064.631 0.020 41.2 29.40 101064.1 d
16 0 16 15 1 15 E3 101249.746 0.022 42.3 39.40 101250.2 b 0.05
16 0 16 15 1 15 E4 101249.772 0.022 42.3 39.40 101250.2 d
16 0 16 15 1 15 EA 101250.085 0.022 42.3 39.40 101250.2 d
16 1 16 15 0 15 E3 101253.205 0.022 42.3 39.40 101253.2 b 0.11 U-line
16 1 16 15 0 15 E4 101253.219 0.022 42.3 39.40 101253.2 d
16 1 16 15 0 15 EA 101253.545 0.022 42.3 39.40 101253.2 d
16 0 16 15 1 15 AE 101295.082 0.023 42.3 39.40 101253.2 b CH3OH
16 0 16 1 15 1 15 1 AA 101295.419 0.023 42.3 39.40 101253.2 d
16 1 16 15 0 15 AE 101299.584 0.023 42.3 39.40 101253.2 b HCOOCH3
16 1 16 1 15 0 15 1 AA 101299.931 0.023 42.3 39.40 101253.2 d
15 2 13 1 14 3 12 1 AA 104119.419 0.020 44.5 21.00 101253.2 b U-line
15 -2 13 14 3 12 AE 104120.596 0.020 44.5 21.00 101253.2 d
15 -2 13 14 3 12 EA 104405.034 0.018 44.3 21.10 101253.2 CH2CHCN, CH3OH
6 5 2 1 5 4 1 1 AA 104537.910 0.007 15.5 11.90 104536.1 b 0.05 (CH3)2CO
6 -5 1 5 -4 1 AE 104538.527 0.007 15.5 11.90 104536.1 d
14 3 12 13 -2 11 AE 105075.447 0.019 39.5 18.50 105076.1 0.07 (CH3)2CO, 13CH3OH
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Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
14 3 12 1 13 2 11 1 AA 105083.505 0.019 39.5 18.50 105083.2 0.06 U-line
20 9 12 20 8 13 EA 106187.860 0.066 98.5 27.30 106188.2 0.03
16 -1 15 15 2 14 E3 106782.100 0.022 46.2 32.20 106188.2 b OC34S
16 -1 15 15 2 14 E4 106782.490 0.022 46.2 32.20 106188.2 d
16 -1 15 15 2 14 EA 106783.563 0.022 46.2 32.20 106188.2 d
19 9 11 19 8 12 EA 106912.198 0.063 91.4 25.10 106913.1 0.06
16 -1 15 15 2 14 AE 106922.295 0.024 46.4 32.10 106922.2 b 0.06
16 1 15 -1 15 2 14 -1 AA 106923.567 0.024 46.4 32.10 106922.2 d
16 2 15 15 -1 14 E4 106935.506 0.022 46.2 32.20 106935.1 b 0.04
16 2 15 15 -1 14 E3 106935.648 0.022 46.2 32.20 106935.1 d
16 2 15 15 -1 14 EA 106937.122 0.022 46.2 32.20 106937.2 0.04
22 -9 13 22 -8 14 EA 107385.629 0.087 115.3 31.40 107386.1 0.07
17 0 17 16 1 16 E3 107403.208 0.027 47.4 42.10 107405.1 b 0.10
17 0 17 16 1 16 E4 107403.228 0.027 47.4 42.10 107405.1 d
17 0 17 16 1 16 EA 107403.533 0.027 47.4 42.10 107405.1 d
22 3 20 22 2 21 E4 107404.477 0.047 88.4 13.50 107405.1 d
22 3 20 22 2 21 E3 107404.615 0.048 88.4 13.50 107405.1 d
17 1 17 16 0 16 E3 107404.882 0.027 47.4 42.10 107405.1 d
17 1 17 16 0 16 E4 107404.896 0.027 47.4 42.10 107405.1 d
17 1 17 16 0 16 EA 107405.207 0.027 47.4 42.10 107405.1 d
17 0 17 16 1 16 AE 107448.155 0.028 47.5 42.10 107448.1 b 0.10 13CH3OH
17 0 17 1 16 1 16 1 AA 107448.480 0.028 47.5 42.10 107448.1 d
17 1 17 16 0 16 AE 107450.346 0.028 47.5 42.10 107450.1 b 0.09
17 1 17 1 16 0 16 1 AA 107450.676 0.028 47.5 42.10 107450.1 d
24 9 16 1 24 8 17 -1 AA 107615.928 0.077 132.2 35.90 107617.1 b 0.08 U-line
7 5 3 6 4 3 E3 107616.306 0.007 17.1 11.90 107617.1 d
7 5 3 6 4 3 EA 107617.208 0.008 17.1 11.90 107617.1 d
23 -9 14 23 -8 15 AE 107619.664 0.081 123.6 25.70 107617.1 d
9 4 6 8 3 6 EA 108248.757 0.006 20.4 8.36 108250.1 b 0.04
21 -9 12 21 -8 13 E3 108248.942 0.086 107.5 29.20 108250.1 d
30 10 21 30 9 22 E4 108250.054 0.185 195.3 47.10 108250.1 d
15 9 7 15 8 8 EA 108775.910 0.056 66.6 16.60 108776.1 0.04
22 -9 13 22 -8 14 AE 109007.584 0.073 115.4 24.50 109008.1 b 0.04
21 -5 16 20 -6 14 E3 109008.491 0.083 91.8 3.25 109008.1 d
14 9 6 14 8 7 E4 109008.582 0.063 61.3 14.50 109008.1 d
14 9 6 14 8 7 EA 109053.373 0.055 61.3 14.50 109053.1 0.03
20 -9 11 20 -8 12 EA 109056.265 0.074 100.0 27.00 109057.1 0.06 U-line
26 -4 22 26 -3 23 E3 109063.330 0.074 131.0 27.00 109063.2 b 0.02
39
0
Ap
e´n
di
ce
C:
Te
rc
er
o
et
a
l.
20
13
,
Ap
J,
77
0,
L1
3 Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
26 -4 22 26 -3 23 E4 109063.340 0.074 131.0 27.00 109063.2 d
26 -4 22 26 -3 23 EA 109075.997 0.073 131.0 27.00 109074.2 0.03 U-line
22 9 14 22 8 15 AE 109330.660 0.073 115.4 24.50 109330.2 0.03
11 9 3 11 8 4 EA 109590.655 0.055 47.6 7.78 109591.1 b 0.06
15 3 13 14 -2 12 AE 109590.717 0.022 44.6 21.30 109591.1 d
19 -9 10 19 -8 11 EA 109696.803 0.069 93.0 24.90 109698.1 0.04
30 -10 20 30 -9 21 AE 110026.919 0.200 197.1 47.40 110029.2 0.02 U-line
21 -9 12 21 -8 13 AE 110085.566 0.066 107.6 25.60 110085.2 0.05
18 -9 9 18 -8 10 EA 110234.012 0.065 86.3 22.80 110234.1 0.02
18 -4 14 17 5 13 AE 110904.546 0.054 67.7 10.70 110905.1 0.03
20 -9 11 20 -8 12 AE 110937.388 0.062 100.1 26.00 110938.1 0.04
20 9 12 20 8 13 AE 110941.055 0.063 100.1 26.00 110940.1 0.05 U-line
20 9 12 1 20 8 13 -1 AA 111033.563 0.057 100.1 27.10 111034.2 b 0.09 CH2CHCN ν15=1
16 -9 7 16 -8 8 E4 111034.289 0.066 73.9 18.60 111034.2 d
16 -9 7 16 -8 8 EA 111055.718 0.061 73.9 18.60 111057.1 0.02
16 -2 14 15 3 13 EA 111354.431 0.022 49.7 24.20 111356.1 0.05 U-line
15 -9 6 15 -8 7 EA 111363.251 0.061 68.3 16.50 111363.1 0.03
28 6 23 28 5 24 AE 111519.002 0.108 155.6 34.20 111519.0 0.06
19 9 11 19 8 12 AE 111612.106 0.060 93.0 24.70 111609.1 0.06 HCOOCH3
14 -9 5 14 -8 6 EA 111614.595 0.061 63.0 14.40 111616.1 0.06 U-line
7 5 3 6 4 3 AE 111771.264 0.008 17.9 11.90 111772.1 0.03
7 -5 2 6 -4 2 EA 111862.793 0.009 18.2 12.00 111862.2 0.04 U-line
18 9 10 18 8 11 AE 112183.502 0.058 86.3 22.80 112184.1 b 0.04
10 -9 1 10 -8 2 E4 112183.146 0.067 45.5 5.34 112184.1 d
10 -9 1 10 -8 2 EA 112205.111 0.066 45.5 5.34 112207.2 b 0.04 U-line
18 -9 9 18 -8 10 AE 112205.762 0.057 86.3 22.80 112207.2 d
18 9 9 -1 18 8 10 1 AA 112217.030 0.052 86.3 22.80 112218.1 0.03
28 10 19 28 9 20 E4 112239.081 0.150 174.1 43.10 112240.1 b 0.02
18 9 10 1 18 8 11 -1 AA 112239.887 0.052 86.3 22.80 112240.1 d
9 3 6 -1 8 2 7 -1 AA 112662.557 0.006 19.1 3.88 112662.6 b 0.05
17 9 9 17 8 10 AE 112663.797 0.057 79.9 20.70 112662.6 d
9 -4 5 8 -3 5 EA 112668.697 0.006 21.3 9.08 112668.1 0.05
17 -9 8 17 -8 9 AE 112686.396 0.055 79.9 20.70 112685.2 0.09 U-line
17 9 8 -1 17 8 9 1 AA 112704.356 0.050 79.9 20.70 112704.2 0.04 U-line
17 9 9 1 17 8 10 -1 AA 112713.429 0.050 79.9 20.70 112715.1 b 0.03
12 4 9 11 -3 8 E3 112715.215 0.017 32.3 4.68 112715.1 d
17 -1 16 16 2 15 E3 112962.494 0.027 51.7 35.00 112963.2 b 0.07
17 -1 16 16 2 15 E4 112962.734 0.027 51.7 35.00 112963.2 d
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Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
17 -1 16 16 2 15 EA 112963.922 0.027 51.7 35.00 112963.2 d
17 2 16 16 -1 15 E4 113043.010 0.027 51.7 35.00 113045.2 b 0.07
17 2 16 16 -1 15 E3 113043.040 0.027 51.7 35.00 113045.2 d
17 2 16 16 -1 15 EA 113044.489 0.027 51.7 35.00 113045.2 d
16 -9 7 16 -8 8 AE 113086.712 0.055 74.0 18.60 113086.1 0.02
16 9 8 1 16 8 9 -1 AA 113111.015 0.049 74.0 18.60 113111.1 b 0.13 CH2CHCN ν11=1
17 -1 16 16 2 15 AE 113111.910 0.029 51.8 34.90 113111.1 d
17 1 16 -1 16 2 15 -1 AA 113113.240 0.029 51.8 34.90 113111.1 d
17 2 16 16 -1 15 AE 113215.444 0.029 51.8 34.90 113215.2 0.08
17 2 16 -1 16 1 15 -1 AA 113216.981 0.029 51.8 34.90 113217.1 0.10 U-line
15 9 6 -1 15 8 7 1 AA 113440.271 0.048 68.3 16.50 113442.1 b 0.05
15 9 7 1 15 8 8 -1 AA 113441.415 0.048 68.3 16.50 113442.1 d
18 0 18 17 1 17 E3 113556.187 0.033 52.9 44.80 113557.1 b 0.12
18 0 18 17 1 17 E4 113556.203 0.033 52.9 44.80 113557.1 d
18 0 18 17 1 17 EA 113556.497 0.033 52.9 44.80 113557.1 d
18 1 18 17 0 17 E3 113556.992 0.033 52.9 44.80 113557.1 d
18 1 18 17 0 17 E4 113557.005 0.033 52.9 44.80 113557.1 d
18 1 18 17 0 17 EA 113557.302 0.033 52.9 44.80 113557.1 d
18 0 18 17 1 17 AE 113600.610 0.033 52.9 44.80 113601.1 b 0.12
18 0 18 1 17 1 17 1 AA 113600.922 0.033 52.9 44.80 113601.1 d
18 1 18 17 0 17 AE 113601.669 0.033 52.9 44.80 113601.1 d
18 1 18 1 17 0 17 1 AA 113601.984 0.033 52.9 44.80 113601.1 d
6 6 1 5 5 1 EA 113627.823 0.014 18.0 14.60 113628.1 0.08
14 9 6 14 8 7 AE 113668.291 0.057 63.0 14.40 113669.1 0.05
14 -9 5 14 -8 6 AE 113690.032 0.055 63.0 14.40 113691.1 0.07 HCOOCH3 νt=1
14 9 5 -1 14 8 6 1 AA 113712.785 0.048 63.0 14.40 113713.1 b 0.11 (CH3)2CO
14 9 6 1 14 8 7 -1 AA 113713.139 0.048 63.0 14.40 113713.1 d
18 15 4 17 -15 2 E3 113888.908 1.155 122.7 44.30 113890.9 b 0.06
18 15 4 17 -15 2 E4 113888.937 1.158 122.7 44.30 113890.9 d
18 15 4 17 -15 2 EA 113889.151 1.152 122.7 44.30 113890.9 d
13 9 5 13 8 6 AE 113889.470 0.058 58.1 12.30 113890.9 d
18 -15 3 17 15 3 E3 113895.721 1.148 122.7 44.30 113894.1 b 0.06
18 -15 3 17 15 3 E4 113895.732 1.151 122.7 44.30 113894.1 d
18 -15 3 17 15 3 EA 113895.967 1.145 122.7 44.30 113894.1 d
11 9 2 -1 11 8 3 1 AA 114251.912 0.050 49.3 7.75 114253.1 b 0.06
11 9 3 1 11 8 4 -1 AA 114251.916 0.050 49.3 7.75 114253.1 d
25 4 22 25 3 23 E4 114541.651 0.058 117.1 20.20 114542.1 b 0.06
9 -4 5 8 3 6 AE 114542.356 0.006 21.1 8.79 114542.1 d
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3 Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
10 4 7 9 -3 6 AE 114744.789 0.009 24.6 9.49 114745.1 0.06
8 5 4 7 4 4 E3 114832.229 0.007 19.9 11.90 114833.1 b 0.06
8 5 4 7 4 4 EA 114832.962 0.008 19.9 11.90 114833.1 d
27 -4 23 27 -3 24 E4 115090.851 0.079 140.2 27.00 115090.2 b 0.04
27 -4 23 27 -3 24 E3 115090.935 0.079 140.2 27.00 115090.2 d
27 -4 23 27 -3 24 EA 115104.888 0.078 140.2 27.00 115105.1 0.05
29 -11 18 29 -10 19 EA 130121.829 0.212 192.2 42.70 130120.7 0.03
27 11 17 27 10 18 EA 130339.772 0.166 170.3 38.50 130339.8 0.03
12 -4 8 11 -3 8 EA 130530.429 0.013 33.1 5.55 130532.2 0.05
19 -2 17 18 3 16 E3 130746.166 0.038 67.7 32.90 130748.1 b 0.09
19 -2 17 18 3 16 E4 130747.190 0.038 67.7 32.90 130748.1 d
19 -2 17 18 3 16 EA 130748.640 0.038 67.7 32.90 130748.1 d
19 -2 17 18 3 16 AE 130952.352 0.042 68.0 32.70 130952.1 0.03
19 2 17 1 18 3 16 1 AA 130954.246 0.042 68.0 32.70 130954.1 0.05
20 -1 19 19 2 18 E3 131437.724 0.045 69.7 43.10 131442.2 b 0.09 CH3CH2OH
20 -1 19 19 2 18 E4 131437.814 0.045 69.7 43.10 131442.2 d
20 -1 19 19 2 18 EA 131439.088 0.045 69.7 43.10 131442.2 d
20 2 19 19 -1 18 E3 131448.610 0.045 69.7 43.10 131449.7 b 0.07
20 2 19 19 -1 18 E4 131448.667 0.045 69.7 43.10 131449.7 d
20 2 19 19 -1 18 EA 131449.982 0.045 69.7 43.10 131449.7 d
19 3 17 18 -2 16 AE 131585.302 0.043 68.0 32.70 131585.1 0.04
19 3 17 1 18 2 16 1 AA 131588.440 0.042 68.0 32.70 131588.1 0.03
20 -1 19 19 2 18 AE 131595.148 0.047 69.9 43.00 131596.0 b 0.07
20 1 19 -1 19 2 18 -1 AA 131596.508 0.047 69.9 43.00 131596.0 d
20 2 19 19 -1 18 AE 131609.368 0.047 69.9 43.10 131596.0 b HCOOCH3 νt=1
20 2 19 -1 19 1 18 -1 AA 131610.762 0.047 69.9 43.00 131596.0 d
17 4 14 16 -3 13 EA 131794.702 0.037 58.8 18.20 131796.0 b 0.13 HCOO13CH3
17 4 14 16 -3 13 E3 131794.837 0.038 58.8 18.20 131796.0 d
21 0 21 20 1 20 E3 132013.676 0.053 71.0 52.90 131796.0 b (CH3)2CO, HCOOCH3
21 0 21 20 1 20 E4 132013.684 0.053 71.0 52.90 131796.0 d
21 1 21 20 0 20 E3 132013.763 0.053 71.0 52.90 131796.0 d
21 1 21 20 0 20 E4 132013.771 0.053 71.0 52.90 131796.0 d
21 0 21 20 1 20 EA 132013.944 0.053 71.0 52.90 131796.0 d
21 1 21 20 0 20 EA 132014.031 0.053 71.0 52.90 131796.0 d
8 -6 2 7 -5 2 EA 132034.434 0.015 24.5 14.60 132034.7 0.05
21 0 21 20 1 20 AE 132056.252 0.054 71.0 52.90 132056.0 b 0.15
21 1 21 20 0 20 AE 132056.368 0.054 71.0 52.90 132056.0 d
21 0 21 1 20 1 20 1 AA 132056.525 0.054 71.0 52.90 132056.0 d
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Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
21 1 21 1 20 0 20 1 AA 132056.641 0.054 71.0 52.90 132056.0 d
8 6 3 7 5 3 AE 132541.848 0.014 24.3 14.60 132542.0 0.04
8 -6 2 7 -5 2 AE 132575.643 0.012 24.3 14.60 132576.1 0.09 (CH3)2CO
29 11 19 29 10 20 AE 132801.262 0.187 192.7 34.10 132801.0 0.07 CH3CH2C15N
26 -11 15 26 -10 16 EA 133150.220 0.171 162.3 36.00 133149.6 0.06
17 4 14 -1 16 3 13 -1 AA 133744.371 0.039 59.1 18.40 133746.0 b 0.13 CH2CHCN ν11=2
10 5 5 -1 9 4 6 -1 AA 133746.469 0.009 27.5 12.00 133746.0 d
19 -3 16 18 4 15 E3 134121.235 0.039 71.5 24.00 134122.1 0.08 U-line
19 -3 16 18 4 15 EA 134125.996 0.039 71.5 24.00 134127.2 0.05 U-line
19 -3 16 18 4 15 E4 134132.389 0.040 71.5 24.00 134129.7 0.07 U-line
7 7 1 6 6 1 E3 134207.734 0.022 24.4 17.30 134204.7 0.08 SO2
7 7 1 6 6 1 EA 134219.761 0.023 24.4 17.30 134219.7 0.17 CH3CH2OH
30 -4 26 30 -3 27 AE 134771.606 0.119 170.2 27.30 134772.1 0.02
19 11 9 19 10 10 E4 135202.471 0.141 103.7 21.30 135202.0 0.02
18 4 15 17 -3 14 E4 135602.074 0.042 65.1 21.20 135602.1 b 0.07
22 -11 11 22 -10 12 E4 135603.832 0.157 127.6 27.50 135602.1 d
18 4 15 17 -3 14 E3 135616.458 0.041 65.1 21.30 135617.0 0.02
18 4 15 17 -3 14 EA 135619.345 0.041 65.1 21.20 135620.1 0.07
26 11 16 26 10 17 AE 135839.145 0.160 162.7 35.60 135839.1 0.11 U-line
18 4 15 17 -3 14 AE 137061.720 0.043 65.4 21.20 137063.4 0.10 U-line
20 -2 18 19 3 17 AE 137217.385 0.049 74.6 35.50 137222.1 b 0.09 U-line
20 2 18 1 19 3 17 1 AA 137219.492 0.049 74.6 35.50 137222.1 d
20 3 18 19 -2 17 E4 137256.036 0.045 74.3 35.70 137255.9 b 0.08 HC18OOCH3
20 3 18 19 -2 17 E3 137256.257 0.045 74.3 35.70 137255.9 d
29 4 26 29 3 27 E3 137256.716 0.099 153.4 20.30 137255.9 d
29 4 26 29 3 27 E4 137256.865 0.099 153.4 20.30 137255.9 d
20 3 18 19 -2 17 EA 137258.820 0.045 74.3 35.70 137259.7 0.13
20 3 18 19 -2 17 AE 137567.585 0.049 74.6 35.50 137568.0 0.12 CH213CHCN
20 3 18 1 19 2 17 1 AA 137570.425 0.049 74.6 35.50 137571.0 0.06
21 -1 20 20 2 19 E3 137588.761 0.052 76.3 45.80 137571.0 b CH3OCH3
21 -1 20 20 2 19 E4 137588.836 0.052 76.3 45.80 137571.0 d
21 -1 20 20 2 19 EA 137590.107 0.052 76.3 45.80 137571.0 d
7 -7 0 6 -6 0 E3 137590.134 0.026 25.9 17.30 137571.0 d
21 2 20 20 -1 19 E3 137594.251 0.052 76.3 45.80 137593.0 b 0.11
21 2 20 20 -1 19 E4 137594.310 0.052 76.3 45.80 137593.0 d
21 2 20 20 -1 19 EA 137595.602 0.052 76.3 45.80 137593.0 d
21 -1 20 20 2 19 AE 137746.422 0.055 76.5 45.80 137749.1 b 0.17 CH3CH2OH
21 1 20 -1 20 2 19 -1 AA 137747.773 0.055 76.5 45.80 137749.1 d
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3 Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
21 2 20 20 -1 19 AE 137753.627 0.055 76.5 45.80 137755.0 b 0.13 DCOOH
21 2 20 -1 20 1 19 -1 AA 137754.996 0.055 76.5 45.80 137755.0 d
22 0 22 21 1 21 E3 138165.826 0.062 77.6 55.60 137755.0 b SO
22 0 22 21 1 21 E4 138165.833 0.062 77.6 55.60 137755.0 d
22 1 22 21 0 21 E3 138165.867 0.062 77.6 55.60 137755.0 d
22 1 22 21 0 21 E4 138165.874 0.062 77.6 55.60 137755.0 d
22 0 22 21 1 21 EA 138166.080 0.062 77.6 55.60 137755.0 d
22 1 22 21 0 21 EA 138166.122 0.062 77.6 55.60 137755.0 d
22 0 22 21 1 21 AE 138207.762 0.062 77.7 55.60 138207.2 b 0.21
22 1 22 21 0 21 AE 138207.817 0.062 77.7 55.60 138207.2 d
22 0 22 1 21 1 21 1 AA 138208.022 0.062 77.7 55.60 138207.2 d
22 1 22 1 21 0 21 1 AA 138208.077 0.062 77.7 55.60 138207.2 d
7 7 1 6 6 1 AE 138714.983 0.026 25.7 17.40 138715.1 0.04
7 -7 0 6 -6 0 AE 138744.841 0.022 25.7 17.40 138715.1 13CS
7 7 1 1 6 6 0 1 AA 138758.409 0.022 25.7 17.40 138758.1 b 0.10
7 7 0 -1 6 6 1 -1 AA 138758.411 0.022 25.7 17.40 138758.1 d
11 5 7 10 -4 6 AE 139261.407 0.012 31.3 10.50 139261.9 0.06
11 5 7 1 10 4 6 1 AA 139320.452 0.012 31.3 12.10 139318.4 0.05 CH2DCH2CN
9 6 3 1 8 5 4 1 AA 139846.770 0.013 27.5 14.70 139847.0 0.07
19 4 16 18 -3 15 E4 139991.036 0.045 71.6 24.30 139991.1 0.07
11 -5 6 10 -4 6 E4 140354.201 0.012 31.6 12.00 140349.7 b 0.15 33SO2
11 -5 6 10 -4 6 EA 140355.798 0.012 31.6 12.00 140349.7 d
16 11 5 -1 16 10 6 1 AA 140513.483 0.105 86.8 14.70 140514.2 b 0.08
16 11 6 1 16 10 7 -1 AA 140513.486 0.105 86.8 14.70 140514.2 d
19 4 16 18 -3 15 AE 141090.948 0.048 71.9 24.20 141092.1 b 0.12 U-line
28 -2 26 28 -1 27 EA 141091.471 0.118 137.6 13.50 141092.1 d
28 3 26 28 2 27 EA 141091.982 0.118 137.6 13.50 141092.1 d
20 3 17 -1 19 4 16 -1 AA 141210.979 0.050 78.7 26.90 141210.8 b 0.08
20 -3 17 19 4 16 AE 141211.188 0.050 78.7 26.90 141210.8 d
11 5 6 -1 10 4 7 -1 AA 141266.398 0.011 31.4 11.90 141267.2 0.15 HCOOCH3
11 -5 6 10 4 7 AE 141282.900 0.012 31.4 10.40 141281.9 b 0.04
20 -3 17 19 4 16 E3 141284.050 0.045 78.4 27.20 141281.9 d
20 -3 17 19 4 16 EA 141287.892 0.045 78.4 27.20 141289.7 b 0.13 H2CCO
20 -3 17 19 4 16 E4 141290.577 0.045 78.4 27.20 141289.7 d
8 7 2 7 6 2 E4 141471.045 0.024 27.2 17.20 141472.2 0.11 SO17O
8 7 2 7 6 2 E3 141501.728 0.022 27.2 17.20 141503.0 0.13 U-line
8 7 2 7 6 2 EA 141513.769 0.022 27.2 17.20 141515.0 0.17 34SO2
21 -2 19 20 3 18 E3 143175.933 0.052 81.2 38.40 143178.4 b 0.16 CH3OH
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Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
21 -2 19 20 3 18 E4 143176.319 0.052 81.2 38.40 143178.4 d
21 -2 19 20 3 18 EA 143178.327 0.052 81.2 38.40 143178.4 d
21 -2 19 20 3 18 AE 143426.261 0.057 81.5 38.30 143425.9 b 0.19 U-line
21 2 19 1 20 3 18 1 AA 143428.486 0.057 81.5 38.30 143425.9 d
22 -1 21 21 2 20 AE 143896.382 0.063 83.4 48.50 143897.1 b 0.10 HCOO13CH3
22 1 21 -1 21 2 20 -1 AA 143897.721 0.063 83.4 48.50 143897.1 d
22 2 21 21 -1 20 AE 143900.006 0.063 83.4 48.50 143901.0 b 0.10
22 2 21 -1 21 1 20 -1 AA 143901.354 0.063 83.4 48.50 143901.0 d
23 0 23 22 1 22 E3 144317.808 0.071 84.5 58.30 144318.4 b 0.41 13CH3OH
23 0 23 22 1 22 E4 144317.813 0.071 84.5 58.30 144318.4 d
23 1 23 22 0 22 E3 144317.828 0.071 84.5 58.30 144318.4 d
23 1 23 22 0 22 E4 144317.832 0.071 84.5 58.30 144318.4 d
23 0 23 22 1 22 EA 144318.049 0.071 84.5 58.30 144318.4 d
23 1 23 22 0 22 EA 144318.068 0.071 84.5 58.30 144318.4 d
23 0 23 22 1 22 AE 144359.105 0.072 84.6 58.30 144358.4 b 0.20
23 1 23 22 0 22 AE 144359.131 0.072 84.6 58.30 144358.4 d
23 0 23 1 22 1 22 1 AA 144359.352 0.071 84.6 58.30 144358.4 d
23 1 23 1 22 0 22 1 AA 144359.378 0.071 84.6 58.30 144358.4 d
23 14 10 22 -14 8 E3 144660.625 1.563 154.4 57.90 144660.1 b 0.18 U-line
23 14 10 22 -14 8 E4 144660.689 1.566 154.4 57.90 144660.1 d
23 -14 9 22 14 9 E3 144660.838 1.562 154.4 57.90 144660.1 d
23 -14 9 22 14 9 E4 144660.901 1.566 154.4 57.90 144660.1 d
8 -7 1 7 -6 1 EA 144909.215 0.027 28.7 17.30 144909.0 b 0.12 DCOOCH3
20 4 17 19 -3 16 E3 144910.426 0.049 78.4 27.40 144909.0 d
20 4 17 19 -3 16 EA 144914.704 0.049 78.4 27.30 144916.1 0.11 U-line
29 -12 17 29 -11 18 EA 145190.238 0.249 199.2 40.50 145189.6 0.06
28 -12 16 28 -11 17 EA 145995.179 0.234 188.9 38.30 145996.1 0.06
8 7 2 7 6 2 AE 146003.431 0.025 28.5 17.30 146003.6 0.08 HCO18OCH3
8 -7 1 7 -6 1 AE 146033.235 0.022 28.5 17.30 146003.6 34SO2
8 7 2 1 7 6 1 1 AA 146046.808 0.021 28.5 17.30 146047.2 b 0.15
8 7 1 -1 7 6 2 -1 AA 146046.835 0.021 28.5 17.30 146047.2 d
10 -6 4 9 -5 4 E3 146465.090 0.015 31.2 14.80 146465.8 0.08
10 -6 4 9 -5 4 EA 146505.489 0.016 31.2 14.80 146506.1 0.07
25 -12 13 25 -11 14 E4 147841.813 0.230 160.2 31.90 147842.1 0.05
21 -3 18 20 4 17 EA 148070.269 0.052 85.6 30.20 148073.2 b 0.11 U-line
21 -3 18 20 4 17 E4 148070.600 0.052 85.6 30.20 148073.2 d
21 -3 18 20 4 17 AE 148172.541 0.058 85.9 30.00 148173.4 b 0.16 CH3OCH3, CH3CH2OCOH
21 3 18 -1 20 4 17 -1 AA 148173.628 0.058 85.9 30.00 148173.4 d
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3 Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
12 -5 7 11 4 8 AE 149110.905 0.013 35.6 11.30 149112.1 0.10
12 5 7 -1 11 4 8 -1 AA 149113.837 0.014 35.6 11.60 149114.6 0.11
22 -12 10 22 -11 11 EA 149135.460 0.176 134.8 25.60 149134.6 0.08 U-line
22 -2 20 21 3 19 E3 149344.862 0.060 88.4 41.20 149345.9 b 0.08
22 -2 20 21 3 19 E4 149345.122 0.060 88.4 41.20 149345.9 d
22 -2 20 21 3 19 EA 149347.232 0.060 88.4 41.20 149345.9 d
22 3 20 21 -2 19 E3 149424.304 0.061 88.4 41.20 149424.6 b 0.12 13CH2CHCN
22 3 20 21 -2 19 E4 149424.342 0.061 88.4 41.20 149424.6 d
22 3 20 21 -2 19 EA 149426.744 0.060 88.4 41.20 149424.6 d
21 -12 9 21 -11 10 EA 149450.572 0.171 127.1 23.50 149452.1 b 0.09
29 -2 27 29 -1 28 AE 149452.869 0.177 147.2 13.70 149452.1 d
29 3 27 29 2 28 AE 149453.210 0.177 147.2 13.70 149452.1 d
22 -2 20 21 3 19 AE 149603.623 0.065 88.6 41.00 149603.0 b 0.13
22 2 20 1 21 3 19 1 AA 149605.907 0.065 88.6 41.00 149603.0 d
13 5 9 12 4 9 E4 149627.986 0.015 39.4 10.10 149631.0 0.08 U-line
13 5 9 12 4 9 EA 149677.002 0.015 39.4 10.10 149677.0 0.20 U-line
22 3 20 21 -2 19 AE 149706.385 0.066 88.6 41.00 149706.1 0.09
11 6 6 10 5 6 E3 149818.522 0.014 33.8 14.60 149818.1 0.10
11 6 6 10 5 6 EA 149824.670 0.014 33.8 14.60 149824.7 0.09
27 12 15 1 27 11 16 -1 AA 149831.013 0.217 179.5 36.20 149832.0 0.05
23 -1 22 22 2 21 E3 149888.500 0.069 90.4 51.20 149890.0 b 0.27 HCOOCH3 νt=1
23 -1 22 22 2 21 E4 149888.558 0.069 90.4 51.20 149890.0 d
23 -1 22 22 2 21 EA 149889.812 0.069 90.4 51.20 149890.0 d
23 2 22 22 -1 21 E3 149889.868 0.069 90.4 51.20 149890.0 d
23 2 22 22 -1 21 E4 149889.923 0.069 90.4 51.20 149890.0 d
28 -1 27 28 0 28 E3 149890.168 0.169 130.8 6.80 149890.0 d
28 2 27 28 1 28 E3 149890.181 0.169 130.8 6.80 149890.0 d
28 -1 27 28 0 28 E4 149890.545 0.168 130.8 6.80 149890.0 d
28 2 27 28 1 28 E4 149890.558 0.168 130.8 6.80 149890.0 d
23 2 22 22 -1 21 EA 149891.182 0.069 90.4 51.20 149890.0 d
23 -1 22 22 2 21 AE 150045.724 0.072 90.6 51.20 150047.1 b 0.19
23 1 22 -1 22 2 21 -1 AA 150047.049 0.072 90.6 51.20 150047.1 d
23 2 22 22 -1 21 AE 150047.534 0.072 90.6 51.20 150047.1 d
23 2 22 -1 22 1 21 -1 AA 150048.864 0.072 90.6 51.20 150047.1 d
18 -12 6 18 -11 7 E4 150118.880 0.192 106.0 17.10 150119.5 0.03
13 5 9 1 12 4 8 1 AA 150132.821 0.020 40.2 11.90 150132.0 0.12 CH3OH
21 4 18 20 -3 17 E4 150236.161 0.055 85.6 30.30 150235.8 0.09 NO
21 4 18 20 -3 17 E3 150238.860 0.055 85.6 30.30 150239.6 0.06
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Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
24 0 24 23 1 23 E3 150469.613 0.081 91.8 61.00 150469.6 b 0.51 CH3OCH3
24 0 24 23 1 23 E4 150469.617 0.081 91.8 61.00 150469.6 d
24 1 24 23 0 23 E3 150469.622 0.081 91.8 61.00 150469.6 d
24 1 24 23 0 23 E4 150469.626 0.081 91.8 61.00 150469.6 d
24 0 24 23 1 23 EA 150469.840 0.081 91.8 61.00 150469.6 d
24 1 24 23 0 23 EA 150469.849 0.081 91.8 61.00 150469.6 d
21 4 18 20 -3 17 AE 150906.290 0.061 85.9 30.10 150906.0 0.11
25 12 13 1 25 11 14 -1 AA 151102.217 0.197 160.8 31.90 151102.1 b 0.06 CH213CHCN
24 16 9 23 -16 0 AE 150102.503 3.339 181.0 60.90 151102.1 d
24 -16 0 23 16 8 AE 150102.527 3.339 181.0 60.90 151102.1 d
25 12 14 -1 25 11 15 1 AA 151103.962 0.197 160.8 31.90 151102.1 d
9 -7 2 8 -6 2 E4 152167.113 0.025 31.8 17.30 152167.1 0.05
20 12 8 1 20 11 9 -1 AA 153149.165 0.162 120.2 21.40 153149.5 b 0.05
20 12 9 -1 20 11 10 1 AA 153149.175 0.162 120.2 21.40 153149.5 d
11 -6 5 10 -5 5 E3 153645.796 0.017 35.1 14.80 153646.0 0.30 CH2CHCN ν15=1, HCOOCH3 νt=1, CH3CH2OCOH
11 6 6 10 5 6 AE 154217.288 0.016 34.8 13.80 154215.9 0.23 CH3CHO
11 -6 5 10 -5 5 AE 154226.609 0.014 34.8 13.80 154229.6 0.29 CH3CHO
22 -3 19 21 4 18 E3 154593.202 0.060 93.0 33.20 154595.9 b 0.17
22 -3 19 21 4 18 E4 154595.412 0.060 93.0 33.20 154595.9 d
22 -3 19 21 4 18 EA 154596.529 0.060 93.0 33.20 154595.9 d
22 -3 19 21 4 18 AE 154809.972 0.067 93.4 32.90 154810.0 b 0.17 CH3CH2CN ν13/ν2
22 3 19 -1 21 4 18 -1 AA 154811.924 0.067 93.4 32.90 154810.0 d
8 8 1 7 7 1 E3 154828.599 0.036 31.8 20.00 154829.1 0.07
8 8 1 7 7 1 EA 154845.969 0.035 31.8 20.00 154846.0 0.08
23 3 21 22 -2 20 E3 155542.985 0.069 95.8 43.90 155543.4 b 0.18 CH3OH
23 3 21 22 -2 20 E4 155543.063 0.069 95.8 43.90 155543.4 d
23 3 21 22 -2 20 EA 155545.377 0.069 95.8 43.90 155543.4 d
22 4 19 21 -3 18 E4 155862.246 0.062 93.0 33.20 155865.0 b 0.09 HCOO13CH3
22 4 19 21 -3 18 E3 155863.656 0.062 93.0 33.20 155865.0 d
24 -1 23 23 2 22 E3 156037.940 0.079 97.9 54.00 155865.0 b 34SO2
24 -1 23 23 2 22 E4 156037.994 0.079 97.9 54.00 155865.0 d
24 2 23 23 -1 22 E3 156038.617 0.079 97.9 54.00 155865.0 d
24 2 23 23 -1 22 E4 156038.669 0.079 97.9 54.00 155865.0 d
24 -1 23 23 2 22 EA 156039.236 0.079 97.9 54.00 155865.0 d
24 2 23 23 -1 22 EA 156039.914 0.079 97.9 54.00 155865.0 d
10 7 4 9 6 4 E3 156057.921 0.022 33.9 17.20 156058.4 0.13 U-line
10 7 4 9 6 4 EA 156069.933 0.022 33.9 17.20 156069.6 0.09
24 -1 23 23 2 22 AE 156194.775 0.082 98.1 53.90 156195.8 b 0.20
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3 Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
24 2 23 23 -1 22 AE 156195.674 0.082 98.1 53.90 156195.8 d
24 1 23 -1 23 2 22 -1 AA 156196.086 0.082 98.1 53.90 156195.8 d
24 2 23 -1 23 1 22 -1 AA 156196.987 0.082 98.1 53.90 156195.8 d
22 4 19 21 -3 18 AE 156417.644 0.069 93.4 33.00 156417.1 0.11 U-line
22 4 19 -1 21 3 18 -1 AA 156422.842 0.069 93.4 33.00 156422.1 0.05
25 0 25 24 1 24 E3 156621.231 0.092 99.3 63.70 156520.9 b 0.35
25 0 25 24 1 24 E4 156621.233 0.092 99.3 63.70 156520.9 d
25 1 25 24 0 24 E3 156621.235 0.092 99.3 63.70 156520.9 d
25 1 25 24 0 24 E4 156621.238 0.092 99.3 63.70 156520.9 d
25 0 25 24 1 24 EA 156621.445 0.092 99.3 63.70 156520.9 d
25 1 25 24 0 24 EA 156621.449 0.092 99.3 63.70 156520.9 d
25 0 25 24 1 24 AE 156661.260 0.093 99.4 63.70 156660.9 b 0.42 CH3CH2C15N
25 1 25 24 0 24 AE 156661.266 0.093 99.4 63.70 156660.9 d
25 0 25 1 24 1 24 1 AA 156661.480 0.092 99.4 63.70 156660.9 d
25 1 25 1 24 0 24 1 AA 156661.486 0.092 99.4 63.70 156660.9 d
12 6 7 11 5 7 EA 156905.001 0.016 38.0 14.60 156906.1 0.08
8 -8 0 7 -7 0 E3 157714.720 0.042 33.5 20.00 157714.0 0.05
8 -8 0 7 -7 0 E4 157739.624 0.042 33.5 20.00 157714.0 U-line
8 -8 0 7 -7 0 EA 157757.374 0.043 33.5 20.00 157758.1 0.12
19 5 15 18 -4 14 E4 158632.587 0.064 75.0 14.80 158632.0 b 0.04
29 -1 28 29 0 29 AE 158633.066 0.256 140.0 6.90 158632.0 d
29 2 28 29 1 29 AE 158633.074 0.256 140.0 6.90 158632.0 d
30 -14 16 30 -12 18 E3 158802.750 0.331 217.4 40.60 158803.0 0.06
30 -14 16 30 -12 18 E4 158806.521 0.362 217.4 40.60 158809.0 b 0.11 U-line
29 14 16 29 12 18 E4 158806.849 0.310 205.2 38.70 158809.0 d
16 5 12 15 -4 11 AE 159264.661 0.039 56.3 12.30 159264.5 0.03
14 -5 9 13 -4 9 E4 159372.899 0.023 45.5 10.00 159372.0 0.03
10 -7 3 9 -6 3 E3 159397.218 0.025 35.3 17.30 159394.5 0.11 H13COOCH3
23 -3 20 22 4 19 AE 161239.742 0.076 101.1 35.80 161237.1 b 0.19 CH3CH2CN, ν13/ν21
23 3 20 -1 22 4 19 -1 AA 161242.243 0.076 101.1 35.80 161237.1 d
24 3 22 23 -2 21 AE 161944.043 0.085 103.9 46.50 161944.0 b 0.12
24 3 22 1 23 2 21 1 AA 161946.427 0.085 103.9 46.50 161944.0 d
25 -1 24 24 2 23 E3 162187.260 0.090 105.7 56.70 162187.0 b 0.45 CH3OD, NH2D
25 -1 24 24 2 23 E4 162187.310 0.090 105.7 56.70 162187.0 d
25 2 24 24 -1 23 E3 162187.594 0.090 105.7 56.70 162187.0 d
25 2 24 24 -1 23 E4 162187.643 0.090 105.7 56.70 162187.0 d
25 -1 24 24 2 23 EA 162188.540 0.090 105.7 56.70 162187.0 d
25 2 24 24 -1 23 EA 162188.874 0.090 105.7 56.70 162187.0 d
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Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
25 -1 24 24 2 23 AE 162343.678 0.093 105.9 56.60 162344.6 b 0.20
25 2 24 24 -1 23 AE 162344.122 0.093 105.9 56.60 162344.6 d
25 1 24 -1 24 2 23 -1 AA 162344.975 0.093 105.9 56.60 162344.6 d
25 2 24 -1 24 1 23 -1 AA 162345.420 0.093 105.9 56.60 162344.6 d
22 -13 9 22 -12 10 E3 162419.747 0.246 142.6 23.70 162420.8 b 0.06
22 -13 9 22 -12 10 E4 162421.227 0.273 142.6 23.70 162420.8 d
22 -13 9 22 -12 10 EA 162457.207 0.231 142.6 23.70 162457.1 0.07
26 0 26 25 1 25 E3 162772.651 0.104 107.1 66.30 162457.1 b HCOOCH3, 34SO2
26 0 26 25 1 25 E4 162772.652 0.104 107.1 66.30 162457.1 d
26 1 26 25 0 25 E3 162772.653 0.104 107.1 66.30 162457.1 d
26 1 26 25 0 25 E4 162772.654 0.104 107.1 66.30 162457.1 d
26 0 26 25 1 25 EA 162772.851 0.104 107.1 66.30 162457.1 d
26 1 26 25 0 25 EA 162772.853 0.104 107.1 66.30 162457.1 d
26 0 26 25 1 25 AE 162812.053 0.105 107.2 66.40 162457.1 b HCOOCH3
26 1 26 25 0 25 AE 162812.056 0.105 107.2 66.40 162457.1 d
26 0 26 1 25 1 25 1 AA 162812.260 0.104 107.2 66.40 162457.1 d
26 1 26 1 25 0 25 1 AA 162812.263 0.104 107.2 66.40 162457.1 d
19 5 15 18 -4 14 AE 162971.153 0.064 75.5 16.10 162971.0 0.12 NH2CHO
19 5 15 1 18 4 14 1 AA 162995.644 0.065 75.5 16.00 162995.6 0.03
11 7 5 10 6 5 E4 163274.565 0.025 37.7 17.30 163273.3 0.07 U-line
11 7 5 10 6 5 EA 163317.333 0.023 37.7 17.30 163322.0 0.22 HC13CCN ν6=1−
28 -13 15 28 -12 16 AE 163532.304 0.337 197.3 36.30 163531.9 0.07
23 -4 19 22 5 18 E3 163901.231 0.072 105.1 26.80 163900.9 0.06
23 -4 19 22 5 18 EA 163905.815 0.072 105.1 26.80 163907.0 0.06
23 -4 19 22 5 18 E4 163913.347 0.073 105.1 26.80 163913.0 b 0.07
21 5 17 20 -4 16 E4 163913.399 0.078 89.5 20.80 163913.0 d
27 13 15 27 12 16 AE 164108.988 0.303 187.4 34.20 164109.5 b 0.09
27 -13 14 27 -12 15 AE 164110.989 0.326 187.4 34.20 164109.5 d
20 5 16 19 -4 15 AE 164344.951 0.071 82.5 18.30 164345.8 0.08
9 -8 1 8 -7 1 E4 165017.679 0.041 36.6 19.90 165018.0 0.14 H2C17O
9 -8 1 8 -7 1 EA 165035.453 0.042 36.6 19.90 165035.8 0.12
21 13 8 -1 21 12 9 1 AA 166479.113 0.233 135.6 21.60 166478.3 b 0.20 U-line
21 13 9 1 21 12 10 -1 AA 166479.114 0.233 135.6 21.60 166478.3 d
11 -7 4 10 -6 4 E3 166637.991 0.026 39.2 17.40 166637.9 0.11
11 -7 4 10 -6 4 E4 166666.867 0.026 39.2 17.40 166667.0 0.16 CH3CH2CN, CCS
11 -7 4 10 -6 4 EA 166679.722 0.026 39.2 17.40 166679.0 0.23 CH3CH2C15N
9 8 2 8 7 2 AE 166715.991 0.038 36.5 19.90 166716.0 0.12
20 13 7 -1 20 12 8 1 AA 166721.194 0.227 128.2 19.40 166723.0 b 0.12 U-line
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3 Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
20 13 8 1 20 12 9 -1 AA 166721.194 0.227 128.2 19.40 166723.0 d
9 -8 1 8 -7 1 AE 166741.311 0.035 36.5 19.90 166742.0 0.12
9 8 2 -1 8 7 1 -1 AA 166760.171 0.033 36.5 19.90 166742.0 b CH3CH2OH
9 8 1 1 8 7 2 1 AA 166760.173 0.033 36.5 19.90 166742.0 d
18 13 5 -1 18 12 6 1 AA 167113.474 0.217 114.5 14.90 167114.4 b 0.06
18 13 6 1 18 12 7 -1 AA 167113.474 0.217 114.5 14.90 167114.4 d
24 -3 21 23 4 20 E3 167218.928 0.079 108.8 38.90 167219.5 b 0.13
24 -3 21 23 4 20 E4 167219.720 0.079 108.8 38.90 167219.5 d
24 4 21 23 -3 20 E4 167629.802 0.080 108.8 39.00 167629.0 b 0.13
24 4 21 23 -3 20 E3 167630.069 0.080 108.8 39.00 167629.0 d
24 4 21 23 -3 20 EA 167633.720 0.080 108.8 39.00 167634.0 0.24 U-line
25 -2 23 24 3 22 E3 167796.590 0.090 111.6 49.40 167800.9 b 0.25 U-line
25 -2 23 24 3 22 E4 167796.717 0.090 111.6 49.40 167800.9 d
11 7 5 10 6 5 AE 167798.415 0.024 39.0 17.40 167800.9 d
25 -2 23 24 3 22 EA 167798.891 0.089 111.6 49.40 167800.9 d
25 3 23 24 -2 22 E3 167808.088 0.090 111.6 49.40 167807.0 b 0.34 13CH3CH2CN
25 3 23 24 -2 22 E4 167808.187 0.090 111.6 49.40 167807.0 d
13 -6 7 12 -5 7 E3 167809.142 0.023 43.9 14.80 167807.0 d
25 3 23 24 -2 22 EA 167810.405 0.089 111.6 49.40 167807.0 d
11 7 5 1 10 6 4 1 AA 167839.861 0.021 39.0 17.40 167841.0 0.17 U-line
13 -6 7 12 -5 7 E4 167842.874 0.023 43.9 14.80 167843.9 b 0.20 U-line
11 7 4 -1 10 6 5 -1 AA 167843.656 0.021 39.0 17.40 167843.9 d
25 3 23 24 -2 22 AE 168077.180 0.096 112.0 49.30 168078.3 b 0.22 HCOO13CH3, HCOOCH3
25 3 23 1 24 2 22 1 AA 168079.522 0.096 112.0 49.30 168078.3 d
26 -1 25 25 2 24 E3 168336.483 0.102 113.8 59.40 168078.3 b CH3CH2CN ν13/ν21
26 -1 25 25 2 24 E4 168336.530 0.102 113.8 59.40 168078.3 d
26 2 25 25 -1 24 E3 168336.647 0.102 113.8 59.40 168078.3 d
26 2 25 25 -1 24 E4 168336.693 0.102 113.8 59.40 168078.3 d
26 -1 25 25 2 24 EA 168337.747 0.101 113.8 59.40 168078.3 d
26 2 25 25 -1 24 EA 168337.911 0.101 113.8 59.40 168078.3 d
26 -1 25 25 2 24 AE 168492.483 0.105 114.0 59.30 168078.3 b HCOOCH3
26 2 25 25 -1 24 AE 168492.701 0.105 114.0 59.30 168078.3 d
26 1 25 -1 25 2 24 -1 AA 168493.765 0.105 114.0 59.30 168078.3 d
26 2 25 -1 25 1 24 -1 AA 168493.984 0.105 114.0 59.30 168078.3 d
27 0 27 26 1 26 E3 168923.862 0.117 115.2 69.00 168923.9 b 0.32
27 0 27 26 1 26 E4 168923.862 0.117 115.2 69.00 168923.9 d
27 1 27 26 0 26 E3 168923.863 0.117 115.2 69.00 168923.9 d
27 1 27 26 0 26 E4 168923.863 0.117 115.2 69.00 168923.9 d
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Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
27 0 27 26 1 26 EA 168924.049 0.116 115.2 69.00 168923.9 d
27 1 27 26 0 26 EA 168924.050 0.116 115.2 69.00 168923.9 d
27 0 27 26 1 26 AE 168962.642 0.118 115.3 69.10 168962.9 b 0.61 CH3CH2CN
27 1 27 26 0 26 AE 168962.644 0.118 115.3 69.10 168962.9 d
27 0 27 1 26 1 26 1 AA 168962.836 0.117 115.3 69.10 168962.9 d
27 1 27 1 26 0 26 1 AA 168962.838 0.117 115.3 69.10 168962.9 d
23 5 19 22 -4 18 E4 171239.933 0.083 105.2 27.10 171239.5 0.08 HCO18OCH3
23 5 19 22 -4 18 EA 171255.472 0.082 105.2 27.10 171254.4 0.13 U-line
10 -8 2 9 -7 2 EA 172308.774 0.041 40.1 19.90 172307.0 0.29 CH2CH13CN
10 8 3 -1 9 7 2 -1 AA 174041.551 0.032 40.0 19.90 174040.8 b 0.41 CH3CH2CN ν13/ν21
10 8 2 1 9 7 3 1 AA 174041.564 0.032 40.0 19.90 174040.8 d
27 -1 26 26 2 25 E3 174485.602 0.114 122.1 62.10 174487.1 b 0.56
27 -1 26 26 2 25 E4 174485.645 0.114 122.1 62.10 174487.1 d
27 2 26 26 -1 25 E3 174485.681 0.114 122.1 62.10 174487.1 d
27 2 26 26 -1 25 E4 174485.725 0.114 122.1 62.10 174487.1 d
27 -1 26 26 2 25 EA 174486.851 0.114 122.1 62.10 174487.1 d
27 2 26 26 -1 25 EA 174486.930 0.114 122.1 62.10 174487.1 d
27 -1 26 26 2 25 AE 174641.195 0.118 122.3 62.00 174642.0 b 0.49
27 2 26 26 -1 25 AE 174641.302 0.118 122.3 62.00 174642.0 d
27 1 26 -1 26 2 25 -1 AA 174642.463 0.118 122.3 62.00 174642.0 d
27 2 26 -1 26 1 25 -1 AA 174642.570 0.118 122.3 62.00 174642.0 d
28 1 28 27 0 27 E4 175074.852 0.131 123.6 71.70 175074.5 b 0.68
28 0 28 27 1 27 E4 175074.852 0.131 123.6 71.70 175074.5 d
28 1 28 27 0 27 E3 175074.853 0.131 123.6 71.70 175074.5 d
28 0 28 27 1 27 E3 175074.853 0.131 123.6 71.70 175074.5 d
28 1 28 27 0 27 EA 175075.027 0.130 123.6 71.70 175074.5 d
28 0 28 27 1 27 EA 175075.027 0.130 123.6 71.70 175074.5 d
28 0 28 27 1 27 AE 175113.018 0.132 123.7 71.80 175074.5 b SO2
28 1 28 27 0 27 AE 175113.019 0.132 123.7 71.80 175074.5 d
28 0 28 1 27 1 27 1 AA 175113.199 0.131 123.7 71.80 175074.5 d
28 1 28 1 27 0 27 1 AA 175113.200 0.131 123.7 71.80 175074.5 d
28 13 16 27 14 14 E3 175430.540 1.973 193.6 71.40 175428.3 b 0.32
28 -13 15 27 -13 14 E3 175430.546 1.973 193.6 71.40 175428.3 d
28 13 16 27 14 14 E4 175430.630 1.978 193.6 71.40 175428.3 d
28 -13 15 27 -13 14 E4 175430.636 1.978 193.6 71.40 175428.3 d
28 13 16 27 14 14 EA 175430.676 1.970 193.6 71.40 175428.3 d
28 -13 15 27 -13 14 EA 175430.682 1.970 193.6 71.40 175428.3 d
9 9 1 8 8 1 EA 175503.343 0.053 40.3 22.70 175503.4 0.30
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3 Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
23 6 18 22 -5 17 AE 196983.379 0.120 109.8 18.20 196981.7 0.08
12 9 4 11 8 4 E3 197355.526 0.061 51.8 22.50 197354.2 b 0.12 (CH3)2CO
28 5 24 27 -4 23 E4 198049.912 0.129 149.7 42.10 197354.2 d
29 4 26 28 -3 25 E3 198049.956 0.142 153.4 52.90 198047.9 b 0.26 CH3CH2CN
29 4 26 28 -3 25 E4 198050.094 0.142 153.4 52.90 198047.9 d
28 5 24 27 -4 23 E3 198050.170 0.129 149.7 42.10 198047.9 d
29 4 26 28 -3 25 EA 198053.160 0.142 153.4 52.90 198055.4 b 0.15 DCOOCH3
28 5 24 27 -4 23 EA 198054.887 0.128 149.7 42.10 198055.4 d
30 -2 28 29 3 27 E3 198519.079 0.157 156.3 63.00 198055.4 b HCOOCH3
30 -2 28 29 3 27 E4 198519.164 0.158 156.3 63.00 198055.4 d
30 3 28 29 -2 27 E3 198519.476 0.158 156.3 63.00 198055.4 d
30 3 28 29 -2 27 E4 198519.560 0.158 156.3 63.00 198055.4 d
30 -2 28 29 3 27 EA 198521.270 0.157 156.3 63.00 198055.4 d
30 3 28 29 -2 27 EA 198521.668 0.157 156.3 63.00 198055.4 d
28 5 24 27 -4 23 AE 198605.087 0.140 150.3 41.80 198608.0 b 0.18
28 5 24 1 27 4 23 1 AA 198610.246 0.140 150.3 41.80 198608.0 d
30 -2 28 29 3 27 AE 198782.672 0.165 156.7 62.90 198783.0 b 0.23 CH2CHCN ν11=1
30 3 28 29 -2 27 AE 198783.197 0.165 156.7 62.90 198783.0 d
30 2 28 1 29 3 27 1 AA 198784.883 0.165 156.7 62.90 198783.0 d
30 3 28 1 29 2 27 1 AA 198785.409 0.165 156.7 62.90 198783.0 d
26 6 21 25 -5 20 E4 198901.855 0.139 135.7 26.50 198901.7 0.03
26 6 21 25 -5 20 E3 198917.069 0.139 135.7 26.50 198901.7 13CH3OH
26 6 21 25 -5 20 EA 198926.400 0.137 135.8 26.50 198926.7 0.12 HCOOCH3
12 -9 3 11 -8 3 EA 199697.897 0.061 53.6 22.60 199695.5 0.28 HCOOCH3
10 10 1 9 9 1 AE 200764.948 0.083 51.6 25.40 200764.1 0.21 CH3CH2OH
28 -5 23 27 6 22 EA 201288.774 0.128 154.9 32.80 201289.3 0.08
28 -5 23 27 6 22 E4 201292.286 0.128 154.9 32.80 201294.2 0.05
14 -8 6 13 -7 6 AE 202998.796 0.038 57.6 20.10 202999.1 0.26 U-line
14 8 7 -1 13 7 6 -1 AA 203015.453 0.036 57.6 20.10 203016.6 0.15 U-line
14 8 6 1 13 7 7 1 AA 203019.565 0.036 57.6 20.10 203016.6 U-line
29 -4 25 28 5 24 E3 203702.147 0.142 159.5 45.00 203702.5 b 0.11
29 -4 25 28 5 24 E4 203702.732 0.142 159.5 45.00 203702.5 d
29 -4 25 28 5 24 EA 203706.149 0.141 159.5 45.00 203706.2 0.17 U-line
17 7 11 16 6 11 E3 205530.988 0.040 68.6 16.80 205526.7 0.12 HCOOCH3 νt=1
17 7 11 16 6 11 EA 205540.816 0.038 68.6 16.80 205540.4 0.12 HCOO13CH3 νt=1
29 -6 23 28 7 22 EA 205620.978 0.201 169.6 24.50 205620.4 0.06
25 16 10 -1 25 15 11 1 AA 205901.510 0.646 196.4 24.20 205901.7 b 0.14 13CH3CH2CN
25 16 9 1 25 15 10 -1 AA 205901.510 0.646 196.4 24.20 205901.7 d
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Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
28 6 23 27 -5 22 E3 206866.750 0.144 155.0 33.00 206868.0 0.05
11 10 2 -1 10 9 1 -1 AA 208091.622 0.070 55.5 25.30 208092.9 b 0.30
11 10 1 1 10 9 2 1 AA 208091.622 0.070 55.5 25.30 208092.9 d
15 8 8 14 7 8 AE 210149.079 0.042 62.9 20.20 210150.4 0.22 CH3CH213CN
30 4 26 1 29 5 25 1 AA 210323.322 0.170 170.2 47.50 210323.0 0.36 SO17O
12 10 3 11 9 3 E3 210752.521 0.093 57.7 25.20 210751.7 0.08
12 10 3 11 9 3 EA 210779.717 0.080 57.7 25.20 210780.4 0.13 CH3CH213CN
17 7 10 -1 16 6 11 -1 AA 210850.135 0.041 69.8 17.20 210850.4 0.09
18 7 12 17 6 12 E4 212120.720 0.046 75.0 16.40 212121.7 0.06
12 -10 2 11 -9 2 EA 212547.338 0.087 59.6 25.20 212549.1 0.12 CH3CH2OCOH
16 8 9 15 7 9 E3 212711.042 0.049 67.1 20.00 212709.1 0.04 U-line
16 8 9 15 7 9 EA 212727.898 0.045 67.1 20.00 212727.9 0.18 SO2 ν2=1, (CH3)2CO
14 -9 5 13 -8 5 EA 214203.534 0.063 63.0 22.70 214204.1 0.07
30 -5 25 29 6 24 E3 215017.224 0.156 175.4 39.20 215017.9 0.07
30 -5 25 29 6 24 E4 215019.707 0.156 175.4 39.20 215021.7 b 0.16
30 -5 25 29 6 24 EA 215021.349 0.155 175.4 39.20 215021.7 d
22 -17 0 22 -16 0 E4 215021.410 0.811 180.1 15.40 215021.7 d
14 9 6 13 8 6 AE 216462.024 0.058 63.0 22.70 216462.9 0.11 U-line
14 -9 5 13 -8 5 AE 216482.322 0.056 63.0 22.70 216481.6 0.05
14 9 6 1 13 8 5 1 AA 216505.961 0.050 63.0 22.70 216506.6 b 0.28
14 9 5 -1 13 8 6 -1 AA 216506.069 0.050 63.0 22.70 216506.6 d
11 11 1 10 10 1 E3 216865.997 0.139 60.1 28.10 216864.1 0.07
11 11 1 10 10 1 EA 216897.591 0.116 60.1 28.10 216896.7 0.16
19 17 2 -1 19 16 3 1 AA 220112.547 0.769 159.6 8.14 220114.1 b 0.03
19 17 3 1 19 16 4 -1 AA 220112.547 0.769 159.6 8.14 220114.1 d
19 7 13 1 18 6 12 1 AA 221234.597 0.058 83.0 16.80 221234.2 0.09
13 10 4 12 9 4 AE 222600.300 0.083 64.2 25.30 222600.3 0.22 U-line
13 10 4 -1 12 9 3 -1 AA 222643.709 0.070 64.2 25.30 222645.3 b 0.14
13 10 3 1 12 9 4 1 AA 222643.709 0.070 64.2 25.30 222645.3 d
15 -9 6 14 -8 6 AE 223709.957 0.058 68.3 22.80 222645.3 U-line
15 9 7 1 14 8 6 1 AA 223733.390 0.053 68.3 22.80 223734.1 b 0.15 (CH3)2CO
15 9 6 -1 14 8 7 -1 AA 223733.785 0.053 68.3 22.80 223734.1 d
14 10 5 13 9 5 EA 225347.534 0.083 67.2 25.20 225347.9 b 0.04
12 -11 1 11 -10 1 E3 225350.418 0.129 66.2 28.00 225347.9 d
12 -11 1 11 -10 1 EA 225391.693 0.121 66.2 28.00 225391.7 0.10
20 7 14 19 -6 13 AE 225797.538 0.068 90.2 16.30 225796.6 0.21 CH3CH2OH
20 -7 13 19 -6 13 EA 228415.576 0.075 90.3 15.80 228415.4 0.17
12 11 2 11 10 2 AE 228661.035 0.117 66.4 28.00 228661.6 0.37 CH3CH213CN
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3 Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
12 11 1 -1 11 10 2 -1 AA 228703.247 0.101 66.5 19.70 228704.1 b 0.24
12 11 2 1 11 10 1 1 AA 228703.247 0.101 66.5 19.70 228704.1 d
18 -8 10 17 -7 10 EA 229691.854 0.066 81.0 20.20 229692.8 0.20
14 -10 4 13 -9 4 AE 229879.711 0.085 69.2 25.30 229879.1 0.22
14 10 5 -1 13 9 4 -1 AA 229907.958 0.072 69.2 25.30 229909.2 b 0.19 33SO2
14 10 4 1 13 9 5 1 AA 229907.960 0.072 69.2 25.30 229909.2 d
18 -8 10 17 -7 10 AE 231364.498 0.055 80.9 17.90 231365.3 0.19 CH3CHO
18 8 11 17 7 11 AE 231389.148 0.055 80.9 17.90 231387.9 0.12 13CH3OH
13 11 3 12 10 3 EA 231489.317 0.118 68.9 27.90 231487.9 0.17
21 7 15 20 6 15 EA 232021.092 0.066 96.6 12.80 232020.4 0.17
15 10 6 14 9 6 EA 232615.250 0.085 72.5 25.30 232615.7 0.18 HCOOCH3
24 18 7 -1 24 17 8 1 AA 232650.423 1.082 209.3 17.80 232651.8 b 0.12
24 18 6 1 24 17 7 -1 AA 232650.423 1.082 209.3 17.80 232651.8 d
13 -11 2 12 -10 2 EA 232671.558 0.121 70.7 27.90 232673.1 0.20 HCO18OCH3
24 7 18 23 -6 17 AE 232888.090 0.148 122.5 16.30 232887.7 0.21 HCOO13CH3 νt=1
30 7 24 29 -6 23 AE 232914.864 0.217 181.4 28.70 232914.8 0.08
24 7 18 1 23 6 17 1 AA 232930.284 0.151 122.5 16.30 232914.8 HCOO13CH3
17 -9 8 16 -8 8 E3 235771.740 0.080 79.9 22.90 235771.6 0.22
17 -9 8 16 -8 8 EA 235814.224 0.075 79.9 22.90 235811.7 0.29 U-line
13 11 2 -1 12 10 3 -1 AA 235980.196 0.101 71.0 27.90 235978.7 b 0.45 13CH3OH, (CH3)2CO, CH3CH2OH
13 11 3 1 12 10 2 1 AA 235980.196 0.101 71.0 27.90 235978.7 d
19 8 12 18 7 12 AE 238380.387 0.062 87.7 13.80 238379.4 0.17
14 -11 3 13 -10 3 E3 239906.447 0.130 75.6 27.90 239906.7 0.17 CH2DCH2CN
18 -9 9 17 -8 9 EA 242955.602 0.081 86.3 22.90 242956.8 0.11
19 9 11 18 8 11 E3 247728.612 0.085 91.4 22.70 247729.6 0.21
19 9 11 18 8 11 EA 247750.293 0.077 91.4 22.70 247749.7 0.46 CH2CHCN ν=0. ν11=1
13 12 2 12 11 2 AE 249234.743 0.164 78.4 30.70 249235.6 0.34
13 -12 1 12 -11 1 AE 249238.947 0.179 78.4 30.70 249240.5 0.38
14 12 3 13 11 3 EA 252218.086 0.170 81.0 30.60 252216.7 0.14
19 9 11 18 8 11 AE 252284.292 0.075 93.0 22.90 252284.3 0.21 CH3OCH3
19 -9 10 18 -8 10 AE 252304.217 0.075 93.0 22.90 252305.4 0.16 U-line
22 -7 15 21 6 16 AE 252690.865 0.085 105.8 13.90 252690.7 0.20
21 8 13 1 20 7 14 1 AA 252703.657 0.075 102.3 19.60 252705.7 b 0.16
22 7 15 -1 21 6 16 -1 AA 252706.499 0.085 105.8 13.90 252705.7 d
16 11 6 15 10 6 EA 253336.155 0.124 84.7 27.90 253335.5 0.30 HCOOCH3
22 8 15 21 7 15 EA 253435.302 0.083 108.8 18.50 253435.5 0.32
14 12 3 -1 13 11 2 -1 AA 256549.257 0.147 83.3 20.10 256549.7 b 0.20
14 12 2 1 13 11 3 1 AA 256549.257 0.147 83.3 20.10 256549.7 d
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Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
16 11 6 15 10 6 AE 257729.747 0.123 86.8 28.00 257729.6 0.18 H13COOCH3 νt=1
16 11 6 1 15 10 5 1 AA 257771.550 0.108 86.8 28.00 257771.7 b 0.26 HCOOCH3
16 11 5 -1 15 10 6 -1 AA 257771.551 0.108 86.8 28.00 257771.7 d
18 10 9 -1 17 9 8 -1 AA 258811.393 0.086 92.4 25.50 257810.6 b 0.26
18 10 8 1 17 9 9 1 AA 258811.791 0.086 92.4 25.50 257810.6 d
20 9 11 -1 19 8 12 -1 AA 259390.307 0.079 100.1 22.90 259390.5 0.20
23 8 16 22 7 16 E4 259703.268 0.097 117.0 17.60 259703.6 0.19 H13COOCH3 νt=1
19 -10 9 18 -9 9 E3 263143.961 0.118 98.9 25.60 263142.9 0.05
19 -10 9 18 -9 9 EA 263185.765 0.110 98.9 25.60 263185.6 0.06
21 -9 12 20 -8 12 EA 264079.056 0.108 107.5 22.80 264079.2 0.18 CH2DCH2CN
17 -11 6 16 -10 6 AE 264982.355 0.133 92.8 28.10 264982.7 0.16
24 8 17 23 -7 16 AE 265583.168 0.121 127.0 18.50 265583.7 0.24 HCOOCH3
14 13 2 13 12 2 E3 265629.760 0.287 88.8 33.30 265630.6 b 0.37
14 13 2 13 12 2 E4 265629.808 0.262 88.8 33.30 265630.6 d
24 8 17 -1 23 7 16 -1 AA 265631.355 0.123 127.0 18.60 265630.6 d
14 -13 1 13 -12 1 E4 265640.813 0.260 90.7 33.30 265641.7 b 0.16
14 -13 1 13 -12 1 E3 265640.952 0.235 90.7 33.30 265641.7 d
14 -13 1 13 -12 1 EA 265678.203 0.221 90.7 33.30 265679.5 0.19
19 10 10 -1 18 9 9 -1 AA 265977.878 0.092 99.1 25.60 265977.6 b 0.45 13CH3CCH
19 10 9 1 18 9 10 1 AA 265979.061 0.092 99.1 25.60 265977.6 d
16 -12 4 15 -11 4 EA 267361.480 0.166 93.7 30.60 267361.8 0.13
18 11 8 17 10 8 E3 267813.105 0.155 97.0 28.00 267813.5 0.15 HCO18OCH3
18 11 8 17 10 8 EA 267844.232 0.132 97.0 28.00 267843.6 0.23
25 8 18 24 -7 17 AE 268369.325 0.146 136.0 18.10 268369.2 0.15 CH3OH
22 9 14 21 8 14 E3 268537.447 0.107 113.8 22.30 268537.6 b 0.18
24 -8 16 23 -7 16 E4 268538.832 0.143 127.0 17.40 268537.6 d
24 -8 16 23 -7 16 EA 268548.999 0.137 127.0 17.40 268537.6 HCOOCH3
20 -10 10 19 -9 10 E3 270289.062 0.126 105.9 25.60 270286.7 0.13 U-line
16 12 5 -1 15 11 4 -1 AA 271082.774 0.153 94.2 30.60 271079.2 b 0.57 CH3OD
16 12 4 1 15 11 5 1 AA 271082.774 0.153 94.2 30.60 271079.2 d
15 13 3 14 12 3 EA 272962.236 0.240 94.1 33.20 272960.5 b 0.33 DCOOCH3
15 -13 2 14 -12 2 EA 272962.827 0.221 96.0 33.20 272960.5 d
20 10 11 19 9 11 AE 273068.344 0.105 106.1 25.60 273068.0 0.20
22 9 14 21 8 14 AE 273208.155 0.098 115.4 18.10 273209.3 0.26 U-line
17 12 6 16 11 6 E4 274030.731 0.198 97.8 30.60 274030.4 0.18 U-line
17 12 6 16 11 6 E3 274036.240 0.212 97.8 30.60 274036.7 0.12
17 12 6 16 11 6 EA 274071.315 0.178 97.8 30.60 274070.4 0.28 (CH3)2CO
17 -12 5 16 -11 5 E3 274590.253 0.183 99.6 30.60 274590.5 0.18
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3 Tabla C.1: continued.
J Ka Kc p J’ K′a K′c p’ State νlab(MHz) eνlab (MHz) Eupp(K) S i jµ2(D2) νobs(MHz) fνobs (MHz) TMB(K) Blend
17 -12 5 16 -11 5 E4 274595.198 0.199 99.7 30.60 274594.6 0.28 U-line
19 11 9 18 10 9 EA 275071.798 0.137 103.7 28.10 275070.4 0.25
23 9 15 22 8 15 E3 275266.308 0.116 122.0 22.00 275070.4 HCOOCH3
23 9 15 22 8 15 EA 275286.530 0.108 122.0 22.00 275287.3 0.12
21 10 12 20 9 12 E4 275679.368 0.125 111.7 25.40 275679.6 0.14
15 -13 2 14 -12 2 AE 277036.762 0.256 96.6 33.30 277037.9 b 0.35 CH3OCH3
15 13 3 14 12 3 AE 277038.234 0.230 96.6 33.30 277037.9 d
26 -8 18 25 -7 18 E3 277628.312 0.192 145.4 12.60 277628.6 0.10
Ape´ndice C: Tercero et al. 2013, ApJ, 770, L13 407
Tabla A13. Para´metros de la cabecera de las columnas: Col. 1-3 y 5-7 se corresponde con los nu´meros
cua´nticos del nivel superior e inferior respectivamente. Col. 4 y 8 indican la paridad del nivel superior e
inferior, respectivamente (so´lo cuando el valor es no nulo). Col. 9 muestra el estado de simetrı´a de la
mole´cula: AA (A1/A2), EA (E1), AE (E2), E3 o E4. Col. 10 y 14 son las frecuencias de laboratorio y
aquellas observadas asumiendo una vLS R=8 km s−1. Col. 11 es el error en la frecuencia de laboratorio.
Col. 12 es la energı´a del nivel superior. Col. 13 es la fuerza de lı´nea en unidades de D2. Col. 15 india la
lı´nea solapada con la anterior (d) y solapada con la siguiente (b). Col. 16 es la temperatura del haz
principal. Col. 17 muestra la especie molecular con la que solapan la lı´nea.
Ape´ndice D
Tercero et al. 2015, A&A, 582, L1
408
Ape´ndice D: Tercero et al. 2015, A&A, 582, L1 409
A&A 582, L1 (2015)
Table A.1. Lines of trans-CH3CH2OCH3 in ALMA SV data.
Species Transition Predicted Eupp S i j Observed T Blends
JKa ,Kc − J′K′a ,K′c
frequency (MHz) (K) frequency (MHz) (K)
tEME-EE’ 315,27–314,28 213 854.674 220.5 16.34 ... ... CH3CH2OH
tEME-EE 315,27–314,28 213 854.982 220.5 16.44 ... ... ′′
tEME-AE 315,27–314,28 213 855.220 220.5 16.40 ... ... ′′
tEME-EE 285,23–284,24 213 856.708 185.7 14.17 ... ... ′′
tEME-AE 285,23–284,24 213 857.473 185.7 13.94 ... ... ′′
tEME-EE’ 285,23–284,24 213 857.509 185.7 13.69 ... ... ′′
tEME-EA 315,27–314,28 213 858.239 220.5 16.52 ... ... ′′
tEME-AA 315,27–314,28 213 858.632 220.5 16.53 ... ... ′′
tEME-EA 285,23–284,24 213 859.015 185.7 14.70 ... ... ′′
tEME-AA 285,23–284,24 213 859.367 185.7 14.73 ... ... ′′
tEME-EE’ 305,26–304,27 214 028.729 208.6 15.58 ... ... CH3COCH3
tEME-EE 305,26–304,27 214 029.157 208.6 15.76 ... ... ′′
tEME-AE 305,26–304,27 214 029.345 208.6 15.68 ... ... ′′
tEME-EA 305,26–304,27 214 032.539 208.6 15.91 214 032.3† 0.50
tEME-AA 305,26–304,27 214 032.539 208.6 15.91 †
tEME-EE 275,22–274,23 214 131.118 174.9 13.15 214 132.6 0.58
tEME-AE 275,22–274,23 214 132.010 174.9 12.80 †
tEME-EE’ 275,22–274,23 214 132.166 174.9 12.46 †
tEME-EA 275,22–274,23 214 133.150 174.9 14.07 †
tEME-AA 275,22–274,23 214 133.486 174.9 14.14 †
tEME-EE’ 295,25–294,26 214 196.531 196.9 14.73 214 196.8 0.94
tEME-EE 295,25–294,26 214 197.122 196.9 15.01 †
tEME-AE 295,25–294,26 214 197.239 196.9 14.88 †
tEME-EA 295,25–294,26 214 200.673 196.9 15.31 214 201.4 0.41
tEME-AA 295,25–294,26 214 201.091 196.9 15.31 †
tEME-EE’ 212,20–201,19 214 246.202 93.7 7.76 214 246.5 0.72
tEME-EE 212,20–201,19 214 246.202 93.7 7.76 †
tEME-AE 212,20–201,19 214 246.332 93.7 7.76 †
tEME-EA 212,20–201,19 214 247.602 93.7 7.76 †
tEME-AA 212,20–201,19 214 247.732 93.7 7.76 †
tEME-EE’ 265,22–264,22 214 355.828 164.4 2.47 ... ... CH3CH2OH; SO
tEME-EE’ 285,24–284,25 214 356.510 185.7 13.69 ... ... ′′
tEME-AE 265,22–264,22 214 356.963 164.4 2.08 ... ... ′′
tEME-EE 265,22–264,22 214 357.232 164.4 1.63 ... ... ′′
tEME-EE 285,24–284,25 214 357.312 185.7 14.17 ... ... ′′
tEME-AE 285,24–284,25 214 357.333 185.7 13.93 ... ... ′′
tEME-EA 285,24–284,25 214 361.091 185.7 14.69 ... ... CH3OCH3
tEME-AA 285,24–284,25 214 361.527 185.7 14.72 ... ... ′′
tEME-EE 265,21–264,22 214 369.161 164.4 11.92 ... ... CH3COOCH3
tEME-AE 265,21–264,22 214 370.185 164.4 11.47 ... ... ′′
tEME-EE’ 265,21–264,22 214 370.456 164.4 11.08 ... ... ′′
tEME-EA 265,21–264,22 214 370.843 164.4 13.42 ... ... ′′
tEME-AA 265,21–264,22 214 371.154 164.4 13.55 ... ... ′′
tEME-EE’ 275,23–274,24 214 507.462 174.9 12.45 214 508.5 0.61
tEME-AE 275,23–274,24 214 508.414 174.9 12.79 †
tEME-EE 275,23–274,24 214 508.510 174.9 13.14 †
tEME-EA 275,23–274,24 214 512.591 174.9 14.06 ... ... CH3OCOH 3t = 1
tEME-AA 275,23–274,24 214 513.051 174.9 14.13 ... ... ′′
tEME-EE 255,20–254,21 214 575.213 154.4 10.56 214 576.5 0.58
tEME-AE 255,20–254,21 214 576.349 154.4 10.10 †
tEME-EA 255,20–254,21 214 576.498 154.4 12.69 †
tEME-EE’ 255,20–254,21 214 576.706 154.4 9.74 †
tEME-AA 255,20–254,21 214 576.769 154.4 12.96 †
tEME-EE’ 265,22–264,23 214 648.535 164.4 11.08 ... ... CH3OCOH
tEME-AE 265,22–264,23 214 649.611 164.4 11.47 ... ... ′′
tEME-EE 265,22–264,23 214 649.829 164.4 11.92 ... ... ′′
tEME-EA 265,22–264,23 214 654.288 164.5 13.41 ... ... ′′
tEME-AA 265,22–264,23 214 654.781 164.5 13.54 ... ... ′′
tEME-EE 245,19–244,20 214 753.118 144.7 9.23 214 754.0 0.94
tEME-EA 245,19–244,20 214 754.023 144.7 11.84 †
tEME-AA 245,19–244,20 214 754.233 144.7 12.38 †
tEME-AE 245,19–244,20 214 754.329 144.7 8.86 †
tEME-EE’ 245,19–244,20 214 754.733 144.7 8.60 †
tEME-EE’ 255,21–254,22 214 779.208 154.4 9.73 ... ... CH3OCOH
tEME-AE 255,21–254,22 214 780.378 154.4 10.10 ... ... ′′
tEME-EE 255,21–254,22 214 780.701 154.4 10.56 ... ... ′′
tEME-EA 255,21–254,22 214 785.581 154.4 12.69 ... ... ′′
Notes. Lines of trans-CH3CH2OCH3 (tEME) ground state present in the spectral scan of Orion KL from the ALMA interferometer. Column 1
indicates the species, Col. 2 gives the transition, Col. 3 the predicted frequency, Col. 4 upper level energy, Col. 5 the line strength, Col. 6 observed
frequency at the peak channel of the line (relative to a vLSR of +7.5 km s−1), Col. 7 brightness temperature at the peak channel of the line, and
Col. 8 shows blends with other molecular species. (†) Blended with previous line.
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Table A.1. continued.
Species Transition Predicted Eupp S i j Observed T Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
tEME-AA 255,21–254,22 214 786.123 154.4 12.96 ... ... ′′
tEME-EE’ 235,19–234,19 214 895.777 135.4 4.03 ... ... CH3OCOH 3t = 1
tEME-AE 235,19–234,19 214 897.184 135.4 3.90 ... ... ′′
tEME-EE 235,19–234,19 214 897.739 135.4 3.67 ... ... ′′
tEME-EE’ 245,20–244,21 214 899.228 144.7 8.61 ... ... ′′
tEME-AE 245,20–244,21 214 900.454 144.7 8.87 ... ... ′′
tEME-EE 245,20–244,21 214 900.844 144.7 9.23 ... ... ′′
tEME-EA 235,19–234,19 214 903.639 144.7 1.05 ... ... ′′
tEME-EA 245,20–244,21 214 906.128 144.7 11.83 214 906.7 1.30
tEME-EE 235,18–234,19 214 906.260 135.4 8.13 †
tEME-AA 245,20–244,21 214 906.739 144.7 12.38 †
tEME-EA 235,18–234,19 214 906.872 135.4 10.76 †
tEME-AA 235,18–234,19 214 906.992 135.4 11.80 †
tEME-AE 235,18–234,19 214 907.507 135.4 7.91 †
tEME-EE’ 235,18–234,19 214 907.507 135.4 7.77 †
tEME-EE 245,19–244,21 214 909.858 144.7 11.83 ... ... CH3CH2CN
tEME-EA 245,19–244,21 214 910.548 144.7 0.55 ... ... ′′
tEME-AE 245,19–244,21 214 911.166 144.7 3.51 ... ... ′′
tEME-EE’ 245,19–244,21 214 911.685 144.7 3.77 ... ... ′′
tEME-EE’ 235,19–234,20 215 008.545 135.4 7.77 ... ... CH3OCOH 3t = 2
tEME-AE 235,19–234,20 215 009.791 135.4 7.91 ... ... ′′
tEME-EE 235,19–234,20 215 010.209 135.4 8.13 ... ... ′′
tEME-EA 235,19–234,20 215 015.810 135.4 10.75 215 016.5 1.16
tEME-AA 235,19–234,20 215 016.519 135.4 11.80 †
tEME-EE 235,18–234,20 215 018.730 135.4 3.67 ... ... CH3OCOD
tEME-EA 235,18–234,20 215 019.043 135.4 1.05 ... ... ′′
tEME-AE 235,18–234,20 215 020.114 135.4 3.90 ... ... ′′
tEME-EE’ 235,18–234,20 215 020.693 135.4 4.03 ... ... ′′
tEME-EE’ 225,18–224,18 215 027.250 126.6 4.02 ... ... U-line
tEME-AE 225,18–224,18 215 028.719 126.6 3.99 ... ... ′′
tEME-EE 225,18–224,18 215 029.330 126.6 4.00 ... ... ′′
tEME-EA 225,18–224,18 215 035.544 126.6 1.78 ... ... CH3OCOD, CH3COOCH3
tEME-EE 225,17–224,18 215 037.639 126.6 7.33 ... ... ′′
tEME-EA 225,17–224,18 215 038.085 126.6 9.45 ... ... ′′
tEME-AA 225,17–224,18 215 038.089 126.6 11.23 ... ... CH3CH2CN
tEME-AE 225,17–224,18 215 038.890 126.6 7.24 ... ... ′′
tEME-EE’ 225,17–224,18 215 039.292 126.6 7.21 ... ... ′′
tEME-AA 352,33–343,32 215 107.148 250.8 9.27 ... ... CH3COOCH3, CH3OCOH 3t = 2
tEME-EA 352,33–343,32 215 107.270 250.8 9.27 ... ... ′′
tEME-EE’ 225,18–224,19 215 107.270 126.6 7.21 ... ... ′′
tEME-AE 225,18–224,19 215 108.508 126.6 7.24 ... ... ′′
tEME-EE 225,18–224,19 215 108.923 126.6 7.33 ... ... ′′
tEME-AE 352,33–343,32 215 109.184 250.8 9.27 ... ... ′′
tEME-EE 352,33–343,32 215 109.306 250.8 9.27 ... ... ′′
tEME-EE’ 352,33–343,32 215 109.306 250.8 9.27 ... ... ′′
tEME-EA 225,18–224,19 215 114.713 126.6 9.44 ... ... CH3O13COH
tEME-AA 225,18–224,19 215 115.545 126.6 11.22 ... ... ′′
tEME-EE 225,17–224,19 215 117.232 126.6 3.90 ... ... CH3CH2CN
tEME-EA 225,17–224,19 215 117.254 126.6 1.78 ... ... ′′
tEME-AE 225,17–224,19 215 118.679 126.6 3.99 ... ... ′′
tEME-EE’ 225,17–224,19 215 119.312 126.6 4.02 ... ... ′′
tEME-EE’ 215,17–214,17 215 139.474 118.0 3.75 ... ... CH3O13COH 3t = 1
tEME-AE 215,17–214,17 215 141.013 118.0 3.82 215 141.0 0.59 CH3O13COH 3t = 1
tEME-EE 215,17–214,17 215 141.682 118.0 3.85 †
tEME-EA 215,17–214,17 215 148.139 118.0 2.58 215 150.7 1.28
tEME-EE 215,16–214,17 215 149.914 118.0 6.81 †
tEME-AA 215,16–214,17 215 150.202 118.0 10.66 †
tEME-EA 215,16–214,17 215 150.327 118.0 8.07 †
tEME-AE 215,16–214,17 215 151.142 118.0 6.84 215 150.7† 1.28
tEME-EE’ 215,16–214,17 215 151.503 118.0 6.91 †
tEME-EE’ 225,17–224,18 215 195.665 118.0 6.91 ... ... SO
tEME-AE 225,17–224,18 215 196.869 118.0 6.84 ... ... ′′
tEME-EE 225,17–224,18 215 197.254 118.0 6.81 ... ... ′′
tEME-EA 225,17–224,18 215 203.100 118.0 8.07 ... ... ′′
tEME-AA 225,17–224,18 215 204.068 118.0 10.66 ... ... ′′
tEME-EA 225,16–224,18 215 205.287 118.0 2.58 ... ... ′′
tEME-EE 225,16–224,18 215 205.486 118.0 3.84 ... ... ′′
tEME-AE 225,16–224,18 215 206.998 118.0 3.82 ... ... ′′
tEME-EE’ 225,16–224,18 215 207.694 118.0 3.75 ... ... ′′
tEME-EE’ 205,16–204,16 215 234.851 109.9 3.26 ... ... ′′
tEME-AE 205,16–204,16 215 236.480 109.9 3.41 ... ... ′′
tEME-EE 205,16–204,16 215 237.223 109.9 3.55 ... ... ′′
tEME-EA 205,16–204,16 215 243.901 109.9 3.19 ... ... CH3COOCH3
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Table A.1. continued.
Species Transition Predicted Eupp S i j Observed T Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
CH3O13COH, CH3CH2CN 313/321
tEME-EE 205,15–204,16 215 245.438 109.9 6.54 ... ... ′′
tEME-AA 205,15–204,16 215 245.691 109.9 10.09 ... ... ′′
tEME-EA 205,15–204,16 215 245.934 109.9 6.89 ... ... ′′
tEME-AE 205,15–204,16 215 246.615 109.9 6.67 ... ... ′′
tEME-EE’ 205,15–204,16 215 246.907 109.9 6.83 ... ... ′′
tEME-EE’ 205,16–204,17 215 274.126 109.9 6.83 ... ... CH3COOCH3, U-line
tEME-AE 205,16–204,17 215 275.268 109.9 6.67 ... ... ′′
tEME-EE 205,16–204,17 215 275.595 109.9 6.54 ... ... ′′
tEME-EA 205,16–204,17 215 281.378 109.9 6.89 ... ... U-line
tEME-AA 205,16–204,17 215 282.470 109.9 10.09 ... ... ′′
tEME-EA 205,15–204,17 215 283.411 109.9 3.19 ... ... ′′
tEME-EE 205,15–204,17 215 283.810 109.9 3.55 ... ... ′′
tEME-AE 205,15–204,17 215 285.403 109.9 3.41 ... ... ′′
tEME-EE’ 205,15–204,17 215 286.182 109.9 3.26 ... ... ′′
tEME-EE’ 195,15–194,15 215 315.464 102.2 2.57 ... ... U-line
tEME-AE 195,15–194,15 215 317.213 102.2 2.79 215 317.4 0.54 U-line
tEME-EE 195,15–194,15 215 318.057 102.2 3.02 †
tEME-EA 195,15–194,15 215 324.992 102.2 3.49 215 327.2 1.96 13CH3OCOH 3t = 1
tEME-EE 195,14–194,15 215 326.280 102.2 6.50 †
tEME-AA 195,14–194,15 215 326.637 102.2 9.52 †
tEME-EA 195,14–194,15 215 326.971 102.2 6.03 †
tEME-AE 195,14–194,15 215 327.373 102.2 6.72 †
tEME-EE’ 195,14–194,15 215 327.561 102.2 6.95 †
tEME-EE’ 195,15–194,16 215 343.169 102.2 6.95 ... ... CH3OCOH
tEME-AE 195,15–194,16 215 344.214 102.2 6.72 ... ... ′′
tEME-EE 195,15–194,16 215 344.450 102.2 6.50 ... .... ′′
tEME-EA 195,15–194,16 215 350.059 102.2 6.03 215 351.2 0.91 CH3CH2CN (3 = 0, 313/321)
tEME-AA 195,15–194,16 215 351.248 102.2 9.52 †
tEME-EA 195,14–194,16 215 352.037 102.2 3.49 †
tEME-EE 195,14–194,16 215 352.674 102.2 3.02 †
tEME-AE 195,14–194,16 215 354.374 102.2 2.79 ... ... CH3CH2CN (3 = 0, 313/321)
tEME-EE’ 195,14–194,16 215 355.266 102.2 2.57 ... ... ′′
tEME-EE’ 123,10–112,9 215 361.252 40.5 4.16 215 361.7 0.43
tEME-EE 123,10–112,9 215 361.484 40.5 4.18 †
tEME-AE 123,10–112,9 215 361.676 40.5 4.17 †
tEME-EA 123,10–112,9 215 364.224 40.5 4.19 ... ... CH3CH2OH
tEME-AA 123,10–112,9 215 364.533 40.5 4.20 ... ... ′′
tEME-EA 185,14–184,14 215 393.299 94.8 3.48 215 395.5 1.01
tEME-EE 185,13–184,14 215 394.256 94.8 6.65 †
tEME-AA 185,13–184,14 215 394.875 94.8 8.95 †
tEME-AE 185,13–184,14 215 395.227 94.8 6.94 †
tEME-EA 185,13–184,14 215 395.264 94.8 5.47 †
tEME-EE’ 185,13–184,14 215 395.280 94.8 7.19 †
tEME-EE’ 185,14–184,15 215 403.394 94.8 7.19 215 404.5 0.91
tEME-AE 185,14–184,15 215 404.308 94.8 6.94 †
tEME-EE 185,14–184,15 215 404.417 94.8 6.65 †
tEME-EA 185,14–184,15 215 409.728 94.8 5.47 215 411.2 0.59
tEME-AA 185,14–184,15 215 410.979 94.8 8.95 †
tEME-EA 185,14–184,15 215 411.693 94.8 3.48 †
tEME-EE 185,14–184,15 215 412.657 94.8 2.31 †
tEME-EA 175,13–174,13 215 450.467 87.9 3.22 215 451.7 1.65
tEME-EE 175,12–174,13 215 450.974 87.9 6.90 †
tEME-EE’ 175,12–174,13 215 451.703 87.9 7.39 †
tEME-AE 175,12–174,13 215 451.799 87.9 7.18 †
tEME-AA 175,12–174,13 215 452.025 87.9 8.39 †
tEME-EA 175,12–174,13 215 452.436 87.9 5.17 †
tEME-EE’ 175,13–174,13 215 455.422 87.9 7.39 215 456.2 1.60 13CH3OCOH 3t = 1
tEME-EE 175,13–174,13 215 456.151 87.9 6.90 †
tEME-AE 175,13–174,13 215 456.193 87.9 7.18 †
tEME-EA 175,13–174,14 215 461.025 87.9 5.17 215 462.2 1.81 U-line
tEME-AA 175,13–174,14 215 462.304 87.9 8.39 †
tEME-EA 175,12–174,14 215 462.994 87.9 3.22 †
tEME-EE’ 271,27–260,26 215 478.840 144.2 21.60 215 479.5 1.81
tEME-EE 271,27–260,26 215 478.840 144.2 21.60 †
tEME-AE 271,27–260,26 215 478.854 144.2 21.60 †
tEME-EA 271,27–260,26 215 479.025 144.2 21.60 †
tEME-AA 271,27–260,26 215 479.039 144.2 21.60 †
tEME-EE 165,11–164,12 215 497.897 81.3 7.05 215 498.7 1.96 CH3CH2CN 313/321
tEME-EA 165,12–164,12 215 497.943 81.3 2.74 †
tEME-EE’ 165,11–164,12 215 498.372 81.3 7.37 †
tEME-AE 165,11–164,12 215 498.590 81.3 7.23 †
tEME-AA 165,11–164,12 215 499.524 81.3 7.82 215 500.2† 1.22
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Species Transition Predicted Eupp S i j Observed T Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
tEME-EE’ 165,12–164,13 215 499.830 81.3 7.37 †
tEME-EA 165,11–164,12 215 499.921 81.3 5.08 †
tEME-EE 165,12–164,13 215 500.305 81.3 7.05 †
tEME-AE 165,12–164,13 215 500.485 81.3 7.24 †
tEME-EA 165,12–164,13 215 504.636 81.3 5.08 215 506.2 1.22 CH3C13CH
tEME-AA 165,12–164,13 215 505.905 81.3 7.82 †
tEME-EA 165,11–164,13 215 506.613 81.3 2.74 †
tEME-EE 155,10–154,11 215 536.404 75.1 6.94 215 537.7 1.33
tEME-EE’ 155,10–154,11 215 536.720 75.1 7.08 †
tEME-EA 155,11–154,11 215 537.002 75.1 2.05 †
tEME-AE 155,10–154,11 215 537.010 75.1 7.03 †
tEME-EE’ 155,11–154,12 215 537.169 75.1 7.08 †
tEME-EE 155,11–154,12 215 537.485 75.1 6.94 †
tEME-AE 155,11–154,12 215 537.757 75.1 7.08 †
tEME-AA 155,10–154,11 215 538.650 75.1 7.25 †
tEME-EA 155,10–154,11 215 538.990 75.1 5.21 †
tEME-EA 155,11–154,12 215 541.270 75.1 5.21 215 541.5† 1.06 CH3COOCH3
tEME-AA 155,11–154,12 215 542.488 75.1 7.25 †
tEME-EA 155,10–154,12 215 543.258 75.1 2.05 †
tEME-EE 145,9–144,10 215 567.750 69.3 6.58 215 567.9 2.13
tEME-EE’ 145,9–144,10 215 567.993 69.3 6.63 †
tEME-EE’ 145,10–144,11 215 568.043 69.3 6.63 †
tEME-EE 145,10–144,11 215 568.286 69.3 6.58 †
tEME-AE 145,9–144,10 215 568.316 69.3 6.61 †
tEME-AE 145,10–144,11 215 568.602 69.3 6.61 215 571.7 1.89 CH3OCOH 3t = 1
tEME-AE 145,10–144,10 215 568.774 69.3 1.23 †
tEME-AA 145,9–144,10 215 570.539 69.3 6.68 †
tEME-EA 145,9–144,10 215 570.772 69.3 5.45 †
tEME-EA 145,10–144,11 215 571.650 69.3 5.45 †
tEME-AA 145,10–144,11 215 572.766 69.3 6.68 †
tEME-EA 145,9–144,11 215 573.648 69.3 1.23 †
tEME-EE 135,8–134,9 215 593.014 63.9 6.08 215 593.5 1.41
tEME-EE’ 135,9–134,10 215 593.138 63.9 6.09 †
tEME-EE’ 135,8–134,9 215 593.228 63.9 6.09 †
tEME-EE 135,9–134,10 215 593.353 63.9 6.08 †
tEME-AE 135,8–134,9 215 593.566 63.9 6.09 †
tEME-AE 135,9–134,10 215 593.687 63.9 6.09 †
tEME-EA 135,9–134,9 215 594.282 63.9 0.53 †
tEME-AA 135,8–134,9 215 596.207 63.9 6.11 215 596.5 1.12
tEME-EA 135,8–134,9 215 596.289 63.9 5.58 †
tEME-EA 135,9–134,10 215 596.478 63.9 5.58 †
tEME-AA 135,9–134,10 215 597.447 63.9 6.11 †
tEME-EA 135,8–134,10 215 598.486 63.9 0.53 †
tEME-EE 125,7–124,8 215 613.102 58.9 5.52 215 613.7 1.89
tEME-EE’ 125,8–124,9 215 613.172 58.9 5.53 †
tEME-EE’ 125,7–124,8 215 613.308 58.9 5.53 †
tEME-EE 125,8–124,9 215 613.378 58.9 5.52 †
tEME-AE 125,7–124,8 215 613.651 58.9 5.52 †
tEME-AE 125,8–124,9 215 613.720 58.9 5.52 †
tEME-EA 125,8–124,9 215 616.405 58.9 5.37 ... ... 13CH3OCOH 3t = 1, CH3CH2CN
tEME-EA 125,7–124,8 215 616.490 58.9 5.37 ... ... ′′
tEME-AA 125,7–124,8 215 616.564 58.9 5.53 ... ... ′′
tEME-AA 125,8–124,9 215 617.221 58.9 5.53 ... ... ′′
tEME-EE 115,6–114,7 215 628.800 54.3 4.94 215 629.7 1.60
tEME-EE’ 115,7–114,8 215 628.855 54.3 4.94 †
tEME-EE’ 115,6–114,7 215 629.003 54.3 4.94 †
tEME-EE 115,7–114,8 215 629.058 54.3 4.94 †
tEME-AE 115,6–114,7 215 629.349 54.3 4.94 †
tEME-AE 115,7–114,8 215 629.404 54.3 4.94 †
tEME-EA 115,7–114,8 215 632.056 54.3 4.91 215 632.7 1.06
tEME-EA 115,6–114,7 215 632.229 54.3 4.91 †
tEME-AA 115,6–114,7 215 632.425 54.3 4.94 †
tEME-AA 115,7–114,8 215 632.754 54.3 4.94 †
tEME-EE 105,5–104,6 215 640.803 50.0 4.35 215 641.1 1.31
tEME-EE’ 105,6–104,7 215 640.854 50.0 4.35 †
tEME-EE’ 105,5–104,6 215 641.007 50.0 4.35 †
tEME-EE 105,6–104,7 215 641.058 50.0 4.35 †
tEME-AE 105,5–104,6 215 641.354 50.0 4.35 †
tEME-AE 105,6–104,7 215 641.405 50.0 4.35 †
tEME-EA 105,6–104,7 215 644.051 50.0 4.34 215 644.1 1.26 13CH3OCOH 3t = 1
tEME-EA 105,5–104,6 215 644.248 50.0 4.34 †
tEME-AA 105,5–104,6 215 644.522 50.0 4.35 †
tEME-AA 105,6–104,7 215 644.676 50.0 4.35 †
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Table A.1. continued.
Species Transition Predicted Eupp S i j Observed T Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
tEME-EE 95,4–94,5 215 649.740 46.1 3.73 215 650.2 1.02
tEME-EE’ 95,5–94,6 215 649.791 46.1 3.73 †
tEME-EE’ 95,4–94,5 215 649.944 46.1 3.73 †
tEME-EE 95,5–94,6 215 649.995 46.1 3.73 †
tEME-AE 95,4–94,5 215 650.292 46.1 3.73 †
tEME-AE 95,5–94,6 215 650.343 46.1 3.73 †
tEME-EA 95,5–94,6 215 652.990 46.1 3.73 215 653.2 0.92
tEME-EA 95,4–94,5 215 653.193 46.1 3.73 †
tEME-AA 95,4–94,5 215 653.509 46.1 3.73 †
tEME-AA 95,5–94,6 215 653.575 46.1 3.73 †
tEME-EE 85,3–84,4 215 656.176 42.7 3.10 215 656.2 1.16
tEME-EE’ 85,4–84,5 215 656.227 42.7 3.10 †
tEME-EE’ 85,3–84,4 215 656.380 42.7 3.10 †
tEME-EE 85,4–84,5 215 656.432 42.7 3.10 †
tEME-AE 85,3–84,4 215 656.730 42.7 3.10 †
tEME-AE 85,4–84,5 215 656.781 42.7 3.10 †
tEME-EA 85,4–84,5 215 659.431 42.7 3.10 215 660.8 1.16
tEME-EA 85,3–84,4 215 659.635 42.7 3.10 †
tEME-AA 85,3–84,4 215 659.972 42.7 3.10 †
tEME-AA 85,4–84,5 215 659.998 42.7 3.10 †
tEME-EE 75,2–74,3 215 660.620 39.6 2.43 †
tEME-EE’ 75,3–74,4 215 660.672 39.6 2.43 †
tEME-EE’ 75,2–74,3 215 660.825 39.6 2.43 †
tEME-EE 75,3–74,4 215 660.877 39.6 2.43 †
tEME-AE 75,2–74,3 215 661.175 39.6 2.43 †
tEME-AE 75,3–74,4 215 661.227 39.6 2.43 †
tEME-EE 65,1–64,2 215 663.523 36.9 1.72 215 664.6 1.11
tEME-EE’ 65,2–64,3 215 663.575 36.9 1.72 †
tEME-EE’ 65,1–64,2 215 663.728 36.9 1.72 †
tEME-EE 65,2–64,3 215 663.780 36.9 1.72 †
tEME-EA 75,3–74,4 215 663.879 39.6 2.43 †
tEME-AE 65,1–64,2 215 664.080 36.9 1.72 †
tEME-EA 75,2–74,3 215 664.084 39.6 2.43 †
tEME-AE 65,2–64,3 215 664.131 36.9 1.72 †
tEME-AA 75,2–74,3 215 664.430 39.6 2.43 †
tEME-AA 75,3–74,4 215 664.439 39.6 2.43 †
tEME-EE 55,0–54,1 215 665.279 34.6 0.92 †
tEME-EE’ 55,1–54,2 215 665.331 34.6 0.92 †
tEME-EE’ 55,0–54,1 215 665.485 34.6 0.92 †
tEME-EE 55,1–54,2 215 665.537 34.6 0.92 †
tEME-AE 55,0–54,1 215 665.837 34.6 0.92 †
tEME-AE 55,1–54,2 215 665.889 34.6 0.92 †
tEME-EA 65,2–64,3 215 666.786 36.9 1.72 215 667.6 0.97 CH3CH2CN
tEME-AE 65,1–64,2 215 666.991 36.9 1.72 †
tEME-AE 65,1–64,2 215 667.342 36.9 1.72 †
tEME-EA 65,2–64,3 215 667.344 36.9 1.72 †
tEME-AE 55,1–54,2 215 668.545 34.6 0.92 †
tEME-AA 55,0–54,1 215 668.751 34.6 0.92 †
tEME-AA 55,0–54,1 215 669.103 34.6 0.92 †
tEME-AE 55,1–54,2 215 669.103 34.6 0.92 †
tEME-EE’ 64,3–53,3 216 054.535 26.5 3.73 216 056.4 0.95
tEME-EE 64,3–53,3 216 054.868 26.5 3.73 †
tEME-AE 64,3–53,3 216 055.095 26.5 3.73 †
tEME-EE 64,2–53,2 216 055.759 26.5 3.73 †
tEME-EE’ 64,2–53,2 216 056.093 26.5 3.73 †
tEME-AE 64,2–53,2 216 056.319 26.5 3.73 †
tEME-EA 64,3–53,3 216 058.222 26.5 3.69 216 059.3† 1.14
tEME-EA 64,2–53,2 216 058.519 26.5 3.69 †
tEME-AA 64,3–53,2 216 058.597 26.5 3.73 †
tEME-AA 64,2–53,3 216 058.930 26.5 3.73 †
tEME-EE 123,9–112,10 217 007.530 40.5 4.14 217 007.6 0.49
tEME-EE’ 123,9–112,10 217 007.763 40.5 4.12 †
tEME-AE 123,9–112,10 217 007.939 40.5 4.13 †
tEME-EA 123,9–112,10 217 009.762 40.5 4.16 217 010.6 0.54
tEME-AA 123,9–112,10 217 010.054 40.5 4.16 †
tEME-AA 301,29–292,28 217 164.465 182.5 13.55 217 165.1 2.68 CH3OCOH
tEME-EA 301,29–292,28 217 164.508 182.5 13.55 †
tEME-AE 301,29–292,28 217 165.360 182.5 13.55 †
tEME-EE 301,29–292,28 217 165.402 182.5 13.55 †
tEME-EE’ 301,29–292,28 217 165.402 182.5 13.55 †
tEME-AA 280,28–271,27 217 940.650 154.7 22.59 217 940.7 1.46
tEME-EA 280,28–271,27 217 940.651 154.7 22.59 †
tEME-AE 280,28–271,27 217 940.758 154.7 22.59 †
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Species Transition Predicted Eupp S i j Observed T Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
tEME-EE 280,28–271,27 217 940.759 154.7 22.59 †
tEME-EE’ 280,28–271,27 217 940.759 154.7 22.59 †
tEME-EE’ 222,21–211,20 219 893.140 102.2 8.31 219 893.0 0.86
tEME-EE 222,21–211,20 219 893.140 102.2 8.31 †
tEME-AE 222,21–211,20 219 893.263 102.2 8.31 †
tEME-EA 222,21–211,20 219 894.511 102.2 8.31 219 894.5† 0.66
tEME-AA 222,21–211,20 219 894.635 102.2 8.31 †
tEME-EE’ 281,28–270,27 222 861.487 154.8 22.63 222 861.2 3.06 CH3OCHO
tEME-EE 281,28–270,27 222 861.487 154.8 22.63 †
tEME-AE 281,28–270,27 222 861.500 154.8 22.63 †
tEME-EA 281,28–270,27 222 861.655 154.8 22.63 †
tEME-AA 281,28–270,27 222 861.668 154.8 22.63 †
tEME-EE’ 133,11–122,10 222 980.574 45.5 4.38 ... ... CH3O13COH
tEME-EE 133,11–122,10 222 980.720 45.5 4.39 ... ... ′′
tEME-AE 133,11–122,10 222 980.951 45.5 4.39 ... ... ′′
tEME-EA 133,11–122,10 222 983.368 45.5 4.40 ... ... ′′
tEME-AA 133,11–122,10 222 983.672 45.5 4.40 ... ... ′′
tEME-EE 162,14–151,15 223 403.761 57.4 2.48 223 403.5 0.82 CH3OCH3
tEME-EE’ 162,14–151,15 223 403.762 57.4 2.48 †
tEME-AE 162,14–151,15 223 404.001 57.4 2.48 †
tEME-EA 162,14–151,15 223 405.432 57.4 2.48 ... ... CH3OCH3
tEME-AA 162,14–151,15 223 405.671 57.4 2.48 ... ...
tEME-EE’ 74,4–63,4 224 103.753 29.2 3.89 224 104.2 1.49
tEME-EE 74,4–63,4 224 104.093 29.2 3.88 †
tEME-AE 74,4–63,4 224 104.315 29.2 3.89 †
tEME-EE 74,3–63,3 224 104.926 29.2 3.88 †
tEME-EE’ 74,3–63,3 224 105.266 29.2 3.89 †
tEME-AE 74,3–63,3 224 105.490 29.2 3.89 †
tEME-AA 74,4–63,3 224 107.456 29.2 3.90 224 108.0† 1.12
tEME-EA 74,4–63,4 224 107.546 29.2 3.58 †
tEME-EA 74,3–63,3 224 107.581 29.2 3.58 †
tEME-AA 74,3–63,4 224 108.457 29.2 3.90 †
tEME-EE 133,10–122,11 225 283.674 45.5 4.33 225 283.2 1.41 CH3CH2OH
tEME-EE’ 133,10–122,11 225 283.820 45.5 4.33 †
tEME-AE 133,10–122,11 225 284.043 45.5 4.33 †
tEME-EA 133,10–122,11 225 285.990 45.5 4.34 †
tEME-AA 133,10–122,11 225 286.286 45.5 4.34 †
tEME-EE’ 232,22–221,21 225 494.508 111.0 8.90 225 494.6 0.72
tEME-EE 232,22–221,21 225 494.508 111.0 8.90 †
tEME-AE 232,22–221,21 225 494.625 111.0 8.90 †
tEME-EA 232,22–221,21 225 495.848 111.0 8.90 †
tEME-AA 232,22–221,21 225 495.965 111.0 8.90 †
tEME-EA 290,29–281,28 226 057.836 165.7 23.62 226 058.4 3.50 CH3CH2OH
tEME-AA 290,29–281,28 226 057.836 165.7 23.62 †
tEME-EE 290,29–281,28 226 057.928 165.7 23.62 †
tEME-EE’ 290,29–281,28 226 057.928 165.7 23.62 †
tEME-AE 290,29–281,28 226 057.928 165.7 23.62 †
tEME-AA 311,30–302,29 227 090.552 194.5 14.51 ... ... CH3OH
tEME-EA 311,30–302,29 227 090.589 194.5 14.51 ... ... ′′
tEME-AE 311,30–302,29 227 091.390 194.5 14.51 ... ... ′′
tEME-EE 311,30–302,29 227 091.426 194.5 14.51 ... ... ′′
tEME-EE’ 311,30–302,29 227 091.426 194.5 14.51 ... ... ′′
tEME-EE’ 291,29–280,28 230 291.194 165.8 23.66 ... ... CH3OH, CH3OCOH
tEME-EE 291,29–280,28 230 291.194 165.8 23.66 ... ... ′′
tEME-AE 291,29–280,28 230 291.205 165.8 23.66 ... ... ′′
tEME-EA 291,29–280,28 230 291.345 165.8 23.66 ... ... ′′
tEME-AA 291,29–280,28 230 291.357 165.8 23.66 ... ... ′′
tEME-EE’ 143,12–132,11 230 486.881 50.9 4.59 230 487.1 0.58 CO
tEME-EE 143,12–132,11 230 486.975 50.9 4.59 †
tEME-AE 143,12–132,11 230 487.227 50.9 4.59 †
tEME-EA 143,12–132,11 230 489.569 50.9 4.59 ... ... CO
tEME-AA 143,12–132,11 230 489.869 50.9 4.59 ... ... ′′
tEME-EE’ 242,23–231,22 231 063.540 120.2 9.52 ... ... OCS
tEME-EE 242,23–231,22 231 063.540 120.2 9.52 ... ... ′′
tEME-AE 242,23–231,22 231 063.652 120.2 9.52 ... ... ′′
tEME-EA 242,23–231,22 231 064.846 120.2 9.52 ... ... ′′
tEME-EA 242,23–231,22 231 064.958 120.2 9.52 ... ... ′′
tEME-EE’ 84,5–73,5 232 151.207 32.3 4.03 232 151.8 1.16
tEME-EE 84,5–73,5 232 151.590 32.3 3.98 †
tEME-AE 84,5–73,5 232 151.787 32.3 4.01 †
tEME-EE 84,4–73,4 232 152.098 32.3 3.98 †
tEME-EE’ 84,4–73,4 232 152.480 32.3 4.03 †
tEME-EA 84,5–73,4 232 152.521 32.3 1.00 †
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Table A.1. continued.
Species Transition Predicted Eupp S i j Observed T Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
tEME-AE 84,4–73,4 232 152.685 32.3 4.01 †
tEME-AA 84,5–73,4 232 154.033 32.3 4.08 †
tEME-EA 84,4–73,4 232 154.362 32.3 3.08 †
tEME-EA 84,5–73,5 232 155.426 32.3 3.08 †
tEME-AA 84,4–73,5 232 156.540 32.3 4.08 ... ... CH3OCOH 3t = 1
tEME-EA 84,4–73,5 232 157.268 32.3 1.00 ... ... ′′
tEME-EE 143,11–132,12 233 622.462 51.0 4.51 233 622.5 2.10 CH3CH2CN 313/321
tEME-EE’ 143,11–132,12 233 622.556 51.0 4.51 †
tEME-AE 143,11–132,12 233 622.806 51.0 4.51 †
tEME-EA 143,11–132,12 233 624.824 51.0 4.51 ... ... CH3OCOH 3t = 0,1
tEME-AA 143,11–132,12 233 625.121 51.0 4.51 ... ... ′′
tEME-EA 300,30–291,29 234 130.523 177.0 24.66 ... ... CH3OCOH
tEME-AA 300,30–291,29 234 130.524 177.0 24.66 ... ... ′′
tEME-EE 300,30–291,29 234 130.601 177.0 24.66 ... ... ′′
tEME-EE’ 300,30–291,29 234 130.601 177.0 24.66 ... ... ′′
tEME-AE 300,30–291,29 234 130.602 177.0 24.66 ... ... ′′
tEME-EE 172,15–161,16 235 247.484 64.0 2.37 235 247.5 0.49 U-line
tEME-EE’ 172,15–161,16 235 247.485 64.0 2.37 †
tEME-AE 172,15–161,16 235 247.731 64.0 2.37 †
tEME-EA 172,15–161,16 235 249.156 64.0 2.37 235 249.6 0.41 U-line
tEME-AA 172,15–161,16 235 249.403 64.0 2.37 †
tEME-EE’ 252,24–241,23 236 614.358 129.8 10.19 236 614.8 1.89 CH3O13COH 3t = 1
tEME-EE 252,24–241,23 236 614.358 129.8 10.19 †
tEME-AE 252,24–241,23 236 614.464 129.8 10.19 †
tEME-EA 252,24–241,23 236 615.628 129.8 10.19 †
tEME-AA 252,24–241,23 236 615.733 129.8 10.19 †
tEME-AA 321,31–312,30 236 906.877 206.9 15.50 236 907.6 0.99
tEME-EA 321,31–312,30 236 906.908 206.9 15.50 †
tEME-AE 321,31–312,30 236 907.656 206.9 15.50 †
tEME-EE 321,31–312,30 236 907.687 206.9 15.50 †
tEME-EE’ 321,31–312,30 236 907.687 206.9 15.50 †
tEME-EE’ 301,30–290,29 237 763.517 177.1 24.69 237 763.2 1.76
tEME-EE 301,30–290,29 237 763.517 177.1 24.69 †
tEME-AE 301,30–290,29 237 763.527 177.1 24.69 †
tEME-EA 301,30–290,29 237 763.653 177.1 24.69 †
tEME-AA 301,30–290,29 237 763.664 177.1 24.69 †
tEME-EE’ 153,13–142,12 237 865.715 56.7 4.79 237 866.1 1.40
tEME-EE 153,13–142,12 237 865.778 56.7 4.80 †
tEME-AE 153,13–142,12 237 866.042 56.7 4.80 †
tEME-EA 153,13–142,12 237 868.339 56.7 4.80 ... ... U-line
tEME-AA 153,13–142,12 237 868.635 56.7 4.80 ... ... ′′
tEME-EA 94,6–83,5 240 195.817 35.8 1.64 240 196.7 2.66 13CH3OCOH
tEME-EE 94,5–83,5 240 196.101 35.8 3.88 †
tEME-EE’ 94,6–83,6 240 196.396 35.8 3.88 †
tEME-EE’ 94,5–83,5 240 196.642 35.8 3.88 †
tEME-AE 94,5–83,5 240 196.777 35.8 3.88 †
tEME-EE 94,6–83,6 240 196.937 35.8 3.88 †
tEME-AE 94,6–83,6 240 197.045 35.8 3.88 †
tEME-AA 94,6–83,5 240 197.196 35.8 3.88 †
tEME-EA 94,5–83,5 240 197.654 35.8 3.88 †
tEME-EA 94,6–83,6 240 201.478 35.8 2.63 ... ... CH3OCOH 3t = 1
tEME-AA 94,5–83,6 240 202.719 35.8 4.28 ... ... ′′
tEME-EA 94,5–83,6 240 203.315 35.8 1.64 ... ... ′′
tEME-EE 153,12–142,13 242 035.318 56.8 4.68 ... ... CH2DOH; CH2DCN
tEME-EE’ 153,12–142,13 242 035.380 56.8 4.68 ... ... ′′
tEME-AE 153,12–142,13 242 035.647 56.8 4.68 ... ... ′′
tEME-EA 153,12–142,13 242 037.704 56.8 4.68 ... ... CH2DOCOH
tEME-AA 153,12–142,13 242 038.002 56.8 4.68 ... ... ′′
tEME-EE’ 262,25–251,24 242 161.785 139.8 10.89 242 163.3 1.86
tEME-EE 262,25–251,24 242 161.785 139.8 10.89 †
tEME-AE 262,25–251,24 242 161.884 139.8 10.89 †
tEME-EA 262,25–251,24 242 163.015 139.8 10.89 †
tEME-AA 262,25–251,24 242 163.114 139.8 10.89 †
tEME-EA 310,31–301,30 242 163.369 188.7 25.69 †
tEME-AA 310,31–301,30 242 163.371 188.7 25.69 †
tEME-EE 310,31–301,30 242 163.434 188.7 25.69 †
tEME-EE’ 310,31–301,30 242 163.434 188.7 25.69 †
tEME-AE 310,31–301,30 242 163.436 188.7 25.69 †
tEME-EE’ 163,14–152,13 245 103.550 62.9 4.99 245 103.4 0.92
tEME-EE 163,14–152,13 245 103.592 62.9 4.99 †
tEME-AE 163,14–152,13 245 103.864 62.9 4.99 †
tEME-EA 163,14–152,13 245 106.133 62.9 4.99 245 106.4† 1.13 CH3OCOH 3t = 2
tEME-EA 163,14–152,13 245 106.426 62.9 5.00 †
L1, page 14 of 43
416 Ape´ndice D: Tercero et al. 2015, A&A, 582, L1
B. Tercero et al.: Trans ethyl methyl ether in space
Table A.1. continued.
Species Transition Predicted Eupp S i j Observed T Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
tEME-EE’ 311,31–300,30 245 274.088 188.8 25.71 245 274.0 2.44
tEME-EE 311,31–300,30 245 274.088 188.8 25.71 †
tEME-AE 311,31–300,30 245 274.098 188.8 25.71 †
tEME-EA 311,31–300,30 245 274.211 188.8 25.71 †
tEME-AA 311,31–300,30 245 274.221 188.8 25.71 †
tEME-AA 331,32–322,31 246 605.346 219.6 16.51 246 605.6 0.92
tEME-EA 331,32–322,31 246 605.372 219.6 16.51 †
tEME-AE 331,32–322,31 246 606.066 219.6 16.51 †
tEME-EE 331,32–322,31 246 606.092 219.6 16.51 †
tEME-EE’ 331,32–322,31 246 606.092 219.6 16.51 †
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Table A.2. Lines of trans-CH3CH2OCH3 in 30 m data.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c
frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-AA 130,13–121,12 88 665.592 35.0 7.66 88 665.8 0.05 0.01 U-line
tEME-EA 130,13–121,12 88 665.628 35.0 7.66 †
tEME-AE 130,13–121,12 88 666.042 35.0 7.66 †
tEME-EE 130,13–121,12 88 666.078 35.0 7.66 †
tEME-EE’ 130,13–121,12 88 666.078 35.0 7.66 †
tEME-EE’ 101,10–90,9 97 575.502 22.0 6.04 ... ... 0.01 CH3OH
tEME-EE 101,10–90,9 97 575.502 22.0 6.04 †
tEME-AE 101,10–90,9 97 575.556 22.0 6.04 †
tEME-EA 101,10–90,9 97 576.027 22.0 6.04 †
tEME-AA 101,10–90,9 97 576.081 22.0 6.04 †
tEME-AA 140,14–131,13 97 678.316 40.4 8.52 ... ... 0.01 CH3OH, CH3CH2CN 313/321
tEME-EA 140,14–131,13 97 678.350 40.4 8.52 †
tEME-AE 140,14–131,13 97 678.746 40.4 8.52 †
tEME-EE 140,14–131,13 97 678.779 40.4 8.52 †
tEME-EE’ 140,14–131,13 97 678.779 40.4 8.52 †
tEME-EE 263,23–262,24 101 017.882 146.4 17.08 ... ... 0.01 U-line
tEME-EE’ 263,23–262,24 101 017.884 146.4 17.08 †
tEME-AE 263,23–262,24 101 018.111 146.4 17.08 †
tEME-EE 253,22–252,23 102 684.892 136.2 16.03 102 684.6 0.07 0.01 18OCS
tEME-EE’ 253,22–252,23 102 684.894 136.2 16.03 †
tEME-AE 253,22–252,23 102 685.127 136.2 16.03 †
tEME-EE 243,21–242,22 104 364.955 126.5 15.03 ... ... 0.01 CH3CH2CN
tEME-EE’ 243,21–242,22 104 364.959 126.5 15.03 †
tEME-AE 243,21–242,22 104 365.198 126.5 15.03 †
tEME-EE’ 111,11–100,10 104 401.631 26.2 6.73 ... ... 0.02 CH2CHCN
tEME-EE 111,11–100,10 104 401.631 26.2 6.73 †
tEME-AE 111,11–100,10 104 401.683 26.2 6.73 †
tEME-EA 111,11–100,10 104 402.145 26.2 6.73 †
tEME-AA 111,11–100,10 104 402.196 26.2 6.73 †
tEME-EE 233,20–232,21 106 030.362 117.2 14.09 ... ... 0.01 CH3OCOH
tEME-EE’ 233,20–232,21 106 030.367 117.2 14.09 †
tEME-AE 233,20–232,21 106 030.611 117.2 14.09 †
tEME-AA 150,15–141,14 106 666.950 46.1 9.41 ... ... 0.02 CH3OCOH
tEME-EA 150,15–141,14 106 666.980 46.1 9.41 †
tEME-AE 150,15–141,14 106 667.358 46.1 9.41 †
tEME-EE 150,15–141,14 106 667.388 46.1 9.41 †
tEME-EE’ 150,15–141,14 106 667.388 46.1 9.41 †
tEME-EE 213,18–212,19 109 216.897 99.8 12.35 109 215.1 0.02 0.01 U-line
tEME-EE’ 213,18–212,19 109 216.904 99.8 12.35 †
tEME-AE 213,18–212,19 109 217.159 99.8 12.35 †
tEME-EA 213,18–212,19 109 219.323 99.8 12.35 109 219.6 0.01 0.01
tEME-AA 213,18–212,19 109 219.581 99.8 12.35 †
tEME-EE 203,17–202,18 110 694.695 91.6 11.56 ... ... 0.02 CH3CN 38 = 1
tEME-EE’ 203,17–202,18 110 694.705 91.6 11.56 †
tEME-AE 203,17–202,18 110 694.963 91.6 11.56 †
tEME-EA 203,17–202,18 110 697.132 91.6 11.56 ... ... 0.01 CH3CN 38 = 1
tEME-AA 203,17–202,18 110 697.395 91.6 11.56 †
tEME-EE’ 121,12–110,11 111 178.747 30.8 7.46 111 178.7 0.03 0.02
tEME-EE 121,12–110,11 111 178.747 30.8 7.46 †
tEME-AE 121,12–110,11 111 178.796 30.8 7.46 †
tEME-EA 121,12–110,11 111 179.248 30.8 7.46 †
tEME-AA 121,12–110,11 111 179.297 30.8 7.46 †
tEME-EE 193,16–192,17 112 072.074 83.9 10.80 112 072.3 0.03 0.02
tEME-EE’ 193,16–192,17 112 072.088 83.9 10.80 †
tEME-AE 193,16–192,17 112 072.349 83.9 10.80 †
tEME-EA 193,16–192,17 112 074.518 83.9 10.80 112 074.5 0.03 0.01
tEME-AA 193,16–192,17 112 074.786 83.9 10.80 †
tEME-EE 183,15–182,16 113 336.061 76.5 10.08 113 336.2 0.02 0.02
tEME-EE’ 183,15–182,16 113 336.081 76.5 10.08 †
tEME-AE 183,15–182,16 113 336.343 76.5 10.08 †
tEME-EA 183,15–182,16 113 338.507 76.5 10.08 113 338.7 0.03 0.01 CH132 CHCN
tEME-AA 183,15–182,16 113 338.779 76.5 10.08 †
tEME-EE 173,14–172,15 114 477.615 69.5 9.39 114 477.9 0.05 0.02 U-line
tEME-EE’ 173,14–172,15 114 477.643 69.5 9.39 †
tEME-AE 173,14–172,15 114 477.905 69.5 9.39 †
Notes. Lines of trans-CH3CH2OCH3 (tEME) ground state present in the spectral scan of Orion KL from the 30 m telescope. Column 1 indicates
the species, Col. 2 gives the transition, Col. 3 the predicted frequency, Col. 4 upper level energy, Col. 5 the line strength, Col. 6 observed frequency
at the peak channel of the line (relative to a vLSR of +7.5 km s−1), Col. 7 main beam temperature at the peak channel of the line, and Col. 8 shows
blends with other molecular species. (1) Observed frequencies and intensities are not provided for features that appear totally blended with lines
from other species. (2) We address all features provided by our model with TMB > 0.01K, TMB > 0.02 K, and TMB > 0.03 K in the frequency ranges
between 80.7−116, 122.7−150, and 150−306.7 GHz, respectively. (†) Blended with previous line.
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EA 173,14–172,15 114 480.057 69.5 9.39 ... ... 0.01 CH3COOCH3
tEME-AA 173,14–172,15 114 480.333 69.5 9.39 †
tEME-AE 201,19–192,18 114 717.852 83.4 6.11 114 718.0 0.06 0.01 CH3CHO 3t = 1
tEME-EE 201,19–192,18 114 717.961 83.4 6.11 †
tEME-EE’ 201,19–192,18 114 717.962 83.4 6.11 †
tEME-EE 163,13–162,14 115 491.673 62.9 8.73 ... ... 0.02 CH3CHO
tEME-EE’ 163,13–162,14 115 491.713 62.9 8.73 †
tEME-AE 163,13–162,14 115 491.972 62.9 8.73 †
tEME-EA 163,13–162,14 115 494.106 62.9 8.73 ... ... 0.02 CH3CHO
tEME-AA 163,13–162,14 115 494.385 62.9 8.73 †
tEME-AA 160,16–151,15 115 618.006 52.2 10.34 115 618.4 0.07 0.04
tEME-EA 160,16–151,15 115 618.033 52.2 10.34 †
tEME-AE 160,16–151,15 115 618.391 52.2 10.34 †
tEME-EE 160,16–151,15 115 618.417 52.2 10.34 †
tEME-EE’ 160,16–151,15 115 618.417 52.2 10.34 †
tEME-EE’ 193,17–192,18 123 318.746 83.8 10.04 123 318.8 0.02 0.02
tEME-EE 193,17–192,18 123 318.760 83.8 10.04 †
tEME-AE 193,17–192,18 123 319.043 83.8 10.04 †
tEME-EA 193,17–192,18 123 321.168 83.8 10.04 123 321.3 0.04 0.01 CH3O13COH
tEME-AA 193,17–192,18 123 321.458 83.8 10.04 †
tEME-EE’ 203,18–202,19 124 043.337 91.6 10.58 124 043.5 0.03 0.02 CH3COOH3t = 1
tEME-EE 203,18–202,19 124 043.347 91.6 10.58 †
tEME-AE 203,18–202,19 124 043.631 91.6 10.58 †
tEME-EA 203,18–202,19 124 045.738 91.6 10.58 124 046.0 0.02 0.01
tEME-AA 203,18–202,19 124 046.027 91.6 10.58 †
tEME-AA 170,17–161,16 124 519.803 58.7 11.29 124 519.5 0.19 0.05 U-line
tEME-EA 170,17–161,16 124 519.826 58.7 11.29 †
tEME-AE 170,17–161,16 124 520.163 58.7 11.29 †
tEME-EE 170,17–161,16 124 520.186 58.7 11.29 †
tEME-EE’ 170,17–161,16 124 520.186 58.7 11.29 †
tEME-EE’ 141,14–130,13 124 648.594 41.0 9.02 124 649.0 0.06 0.04
tEME-EE 141,14–130,13 124 648.594 41.0 9.02 †
tEME-AE 141,14–130,13 124 648.637 41.0 9.02 †
tEME-EA 141,14–130,13 124 649.062 41.0 9.02 †
tEME-AA 141,14–130,13 124 649.106 41.0 9.02 †
tEME-EE’ 213,19–212,20 124 866.195 99.7 11.10 ... ... 0.02 SO2
tEME-EE 213,19–212,20 124 866.202 99.7 11.10 †
tEME-AE 213,19–212,20 124 866.487 99.7 11.10 †
tEME-EA 213,19–212,20 124 868.576 99.7 11.10 ... ... 0.01 SO2
tEME-AA 213,19–212,20 124 868.864 99.7 11.10 †
tEME-AA 211,20–202,19 125 001.226 91.6 6.68 ... ... 0.01 CH3OCOH
tEME-EA 211,20–202,19 125 001.329 91.6 6.68 †
tEME-AE 211,20–202,19 125 002.535 91.6 6.68 ... ... 0.02 CH3OCOH
tEME-EE 211,20–202,19 125 002.638 91.6 6.68 †
tEME-EE’ 211,20–202,19 125 002.638 91.6 6.68 †
tEME-EE’ 72,6–61,5 125 433.445 15.4 2.61 ... ... 0.01 CH3CH2CN, SO2
tEME-EE 72,6–61,5 125 433.472 15.4 2.61 †
tEME-AE 72,6–61,5 125 433.646 15.4 2.61 †
tEME-EE’ 223,20–222,21 125 793.386 108.2 11.61 ... ... 0.02 CH3CH2CN 313/321
tEME-EE 223,20–222,21 125 793.392 108.2 11.61 †
tEME-AE 223,20–222,21 125 793.677 108.2 11.61 †
tEME-EA 223,20–222,21 125 795.748 108.2 11.61 ... ... 0.01 CH3CH2CN 313/321
tEME-AA 223,20–222,21 125 796.036 108.2 11.61 †
tEME-EE’ 233,21–232,22 126 830.671 117.1 12.11 ... ... 0.02 HC13CCN
tEME-EE 233,21–232,22 126 830.675 117.1 12.11 †
tEME-AE 233,21–232,22 126 830.960 117.1 12.11 †
tEME-EA 233,21–232,22 126 833.013 117.1 12.11 ... ... 0.01 HC13CCN
tEME-AA 233,21–232,22 126 833.301 117.1 12.11 †
tEME-EE’ 243,22–242,23 127 983.452 126.4 12.59 127 983.6 0.07 0.02 U-line
tEME-EE 243,22–242,23 127 983.456 126.4 12.59 †
tEME-AE 243,22–242,23 127 983.741 126.4 12.59 †
tEME-EA 243,22–242,23 127 985.776 126.4 12.59 127 986.1 0.06 0.01 NH2CHO 312 = 1
tEME-AA 243,22–242,23 127 986.063 126.4 12.59 †
tEME-EE’ 253,23–252,24 129 256.739 136.1 13.06 129 256.8 0.04 0.02
tEME-EE 253,23–252,24 129 256.741 136.1 13.06 †
tEME-AE 253,23–252,24 129 257.027 136.1 13.06 †
tEME-EA 253,23–252,24 129 259.044 136.1 13.06 129 259.3 0.04 0.01
tEME-AA 253,23–252,24 129 259.331 136.0 13.06 †
tEME-EE’ 263,24–262,25 130 655.101 146.1 13.52 ... ... 0.02 U-line
tEME-EE 263,24–262,25 130 655.103 146.1 13.52 †
tEME-AE 263,24–262,25 130 655.389 146.1 13.52 †
tEME-EA 263,24–262,25 130 657.388 146.1 13.52 ... ... 0.01 U-line
tEME-AA 263,24–262,25 130 657.674 146.1 13.52 †
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EE’ 151,15–140,14 131 372.619 46.7 9.86 131 372.7 0.05 0.05
tEME-EE 151,15–140,14 131 372.619 46.7 9.86 †
tEME-AE 151,15–140,14 131 372.660 46.7 9.86 †
tEME-EA 151,15–140,14 131 373.069 46.7 9.86 †
tEME-AA 151,15–140,14 131 373.110 46.7 9.86 †
tEME-EE’ 273,25–272,26 132 182.639 156.6 13.95 132 182.8 0.04 0.02
tEME-EE 273,25–272,26 132 182.640 156.6 13.95 †
tEME-AE 273,25–272,26 132 182.927 156.6 13.95 †
tEME-EA 273,25–272,26 132 184.906 156.6 13.95 132 185.5 0.01 0.01
tEME-AA 273,25–272,26 132 185.194 156.6 13.95 †
tEME-EE’ 82,7–71,6 132 547.336 18.5 2.87 132 547.2 0.02 0.02
tEME-EE 82,7–71,6 132 547.352 18.5 2.87 †
tEME-AE 82,7–71,6 132 547.529 18.5 2.87 †
tEME-EA 82,7–71,6 132 548.982 18.5 2.87 132 549.0 0.02 0.01
tEME-AA 82,7–71,6 132 549.167 18.5 2.87 †
tEME-AA 180,18–171,17 133 362.763 65.6 12.27 ... ... 0.06 O13CS, CH2CHCN 311 = 1
tEME-EA 180,18–171,17 133 362.784 65.6 12.27 †
tEME-AE 180,18–171,17 133 363.098 65.6 12.27 †
tEME-EE 180,18–171,17 133 363.118 65.6 12.27 †
tEME-EE’ 180,18–171,17 133 363.118 65.6 12.27 †
tEME-EE’ 283,26–282,27 133 842.950 167.4 14.37 ... ... 0.02 CH2DOH
tEME-EE 283,26–282,27 133 842.951 167.4 14.37 †
tEME-AE 283,26–282,27 133 843.238 167.4 14.37 †
tEME-EA 283,26–282,27 133 845.198 167.4 14.37 ... ... 0.01 CH2DOH
tEME-AA 283,26–282,27 133 845.486 167.4 14.37 †
tEME-AA 221,21–212,20 135 315.986 100.2 7.28 135 316.0 0.07 0.01 U-line
tEME-EA 221,21–212,20 135 316.082 100.2 7.28 †
tEME-AE 221,21–212,20 135 317.259 100.2 7.28 135 317.5 0.05 0.02 CH3CHO 3t = 1
tEME-EE 221,21–212,20 135 317.355 100.2 7.28 †
tEME-EE’ 221,21–212,20 135 317.355 100.2 7.28 †
tEME-EE’ 293,27–292,28 135 639.103 178.6 14.77 ... ... 0.02 CH3OCOH 3t = 1
tEME-EE 293,27–292,28 135 639.104 178.6 14.77 †
tEME-AE 293,27–292,28 135 639.392 178.6 14.77 †
tEME-EA 293,27–292,28 135 641.333 178.6 14.77 ... ... 0.01 CH3OCOH 3t = 1
tEME-AA 293,27–292,28 135 641.621 178.6 14.77 †
tEME-EE’ 303,28–302,29 137 573.618 190.2 15.14 137 573.7 0.04 0.02
tEME-EE 303,28–302,29 137 573.618 190.2 15.14 †
tEME-AE 303,28–302,29 137 573.907 190.2 15.14 †
tEME-EA 303,28–302,29 137 575.829 190.2 15.14 137 575.9 0.05 0.02 CH3COOCH3
tEME-AA 303,28–302,29 137 576.118 190.2 15.14 †
tEME-EE’ 161,16–150,15 138 109.231 52.7 10.73 138 109.7 0.06 0.06
tEME-EE 161,16–150,15 138 109.231 52.7 10.73 †
tEME-AE 161,16–150,15 138 109.269 52.7 10.73 †
tEME-EA 161,16–150,15 138 109.661 52.7 10.73 †
tEME-AA 161,16–150,15 138 109.699 52.7 10.73 †
tEME-EE’ 92,8–81,7 139 530.181 22.0 3.15 ... ... 0.02 CH2DCN
tEME-EE 92,8–81,7 139 530.191 22.0 3.15 †
tEME-AE 92,8–81,7 139 530.369 22.0 3.15 †
tEME-EA 92,8–81,7 139 531.807 22.0 3.15 ... ... 0.01 CH2DCN
tEME-AA 92,8–81,7 139 531.989 22.0 3.15 †
tEME-EE’ 313,29–312,30 139 648.445 202.2 15.50 ... ... 0.02 CH3COCH3
tEME-EE 313,29–312,30 139 648.445 202.2 15.50 †
tEME-AE 313,29–312,30 139 648.735 202.2 15.50 †
tEME-EA 313,29–312,30 139 650.637 202.2 15.50 ... ... 0.01 CH3COCH3
tEME-AA 313,29–312,30 139 650.927 202.2 15.50 †
tEME-EE 82,6–71,7 140 527.950 18.5 2.43 140 528.1 0.02 0.02
tEME-EE’ 82,6–71,7 140 527.966 18.5 2.43 †
tEME-AE 82,6–71,7 140 528.160 18.5 2.43 †
tEME-EA 82,6–71,7 140 529.589 18.5 2.43 140 529.6 0.03 0.01 U-line
tEME-AA 82,6–71,7 140 529.791 18.5 2.43 †
tEME-EE’ 323,30–322,31 141 864.954 214.6 15.83 ... ... 0.02 CH3COOH 3t = 1
tEME-EE 323,30–322,31 141 864.954 214.6 15.83 †
tEME-AE 323,30–322,31 141 865.246 214.6 15.83 †
tEME-EA 323,30–322,31 141 867.127 214.6 15.83 ... ... 0.01 CH3COOH 3t = 1
tEME-AA 323,30–322,31 141 867.419 214.6 15.83 †
tEME-AA 190,19–181,18 142 139.587 72.8 13.27 142 139.7 0.08 0.06
tEME-EA 190,19–181,18 142 139.605 72.8 13.27 †
tEME-AE 190,19–181,18 142 139.896 72.8 13.27 †
tEME-EE 190,19–181,18 142 139.914 72.8 13.27 †
tEME-EE’ 190,19–181,18 142 139.914 72.8 13.27 †
tEME-EE’ 33,1–22,1 143 977.261 12.7 2.45 143 977.8 0.06 0.02 U-line
tEME-EE 33,1–22,1 143 977.759 12.7 2.41 †
tEME-AE 33,1–22,1 143 977.810 12.7 2.44 †
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EA 33,1–22,0 143 979.010 12.7 .72 143 980.0 0.05 0.02 CH3COCH3
tEME-EE 33,0–22,0 143 979.276 12.7 2.41 †
tEME-EE’ 33,0–22,0 143 979.774 12.7 2.45 †
tEME-AE 33,0–22,0 143 979.832 12.7 2.44 †
tEME-AA 33,1–22,0 143 980.192 12.7 2.50 †
tEME-EA 33,0–22,0 143 980.533 12.7 1.78 †
tEME-EE’ 333,31–332,32 144 223.924 227.3 16.14 144 224.0 0.02 0.01
tEME-EE 333,31–332,32 144 223.925 227.3 16.14 †
tEME-AE 333,31–332,32 144 224.218 227.3 16.14 †
tEME-EE’ 171,17–160,16 144 871.829 59.2 11.63 144 872.1 0.06 0.06
tEME-EE 171,17–160,16 144 871.829 59.2 11.63 †
tEME-AE 171,17–160,16 144 871.864 59.2 11.63 †
tEME-EA 171,17–160,16 144 872.238 59.2 11.63 †
tEME-AA 171,17–160,16 144 872.273 59.2 11.63 †
tEME-AA 231,22–222,21 145 647.137 109.2 7.92 145 647.4 0.03 0.01
tEME-EA 231,22–222,21 145 647.226 109.2 7.92 †
tEME-AE 231,22–222,21 145 648.372 109.2 7.92 145 648.6 0.03 0.02
tEME-EE 231,22–222,21 145 648.461 109.2 7.92 †
tEME-EE’ 231,22–222,21 145 648.462 109.2 7.92 †
tEME-EE’ 102,9– 91,8 146 383.619 25.8 3.44 146 384.0 0.03 0.02
tEME-EE 102,9– 91,8 146 383.626 25.8 3.44 †
tEME-AE 102,9– 91,8 146 383.802 25.8 3.44 †
tEME-EA 102,9– 91,8 146 385.228 25.8 3.44 146 385.5 0.03 0.02
tEME-AA 102,9– 91,8 146 385.408 25.8 3.44 †
tEME-EE 364,32–363,33 146 397.039 276.3 21.88 ... ... 0.01 SO2, CH3OCH3
tEME-EE’ 364,32–363,33 146 397.042 276.3 21.88 †
tEME-AE 364,32–363,33 146 397.310 276.3 21.88 †
tEME-EE’ 343,32–342,33 146 725.545 240.5 16.44 146 725.6 0.03 0.01 SO18O
tEME-EE 343,32–342,33 146 725.545 240.5 16.44 †
tEME-AE 343,32–342,33 146 725.840 240.5 16.44 †
tEME-AE 292,27–283,26 146 736.865 174.4 6.43 ... ... 0.01 U-line
tEME-EE 292,27–283,26 146 737.046 174.4 6.43 †
tEME-EE’ 292,27–283,26 146 737.048 174.4 6.43 †
tEME-EE 354,31–353,32 148 578.427 262.3 20.95 ... ... 0.01 CH3OCOH 3t = 1
tEME-EE’ 354,31–353,32 148 578.431 262.3 20.95 †
tEME-AE 354,31–353,32 148 578.707 262.3 20.95 †
tEME-EE’ 353,33–352,34 149 369.412 254.0 16.71 ... ... 0.01 CH3OCOH 3t = 1
tEME-EE 353,33–352,34 149 369.412 254.0 16.71 †
tEME-AE 353,33–352,34 149 369.709 254.0 16.71 †
tEME-EE 92,7–81,8 149 921.139 22.0 2.54 ... ... 0.02 CH3OCOH
tEME-EE’ 92,7–81,8 149 921.149 22.0 2.54 †
tEME-AE 92,7–81,8 149 921.348 22.0 2.54 †
tEME-EA 92,7–81,8 149 922.787 22.0 2.54 ... ... 0.01 CH3OCOH
tEME-AA 92,7–81,8 149 922.992 22.0 2.54 †
tEME-EE 344,30–343,31 150 661.347 248.7 20.06 150 661.4 0.04 0.02 U-line
tEME-EE’ 344,30–343,31 150 661.353 248.7 20.06 †
tEME-AE 344,30–343,31 150 661.636 248.7 20.06 †
tEME-EA 344,30–343,31 150 664.261 248.7 20.06 150 664.4 0.03 0.02 U-line
tEME-AA 344,30–343,31 150 664.547 248.7 20.06 †
tEME-AA 200,20–191,19 150 845.281 80.4 14.28 150 845.4 0.08 0.09
tEME-EA 200,20–191,19 150 845.296 80.4 14.28 †
tEME-AE 200,20–191,19 150 845.565 80.4 14.28 †
tEME-EE 200,20–191,19 150 845.580 80.4 14.28 †
tEME-EE’ 200,20–191,19 150 845.580 80.4 14.28 †
tEME-EE’ 181,18–170,17 151 672.109 66.0 12.56 151 672.4 0.06 0.09
tEME-EE 181,18–170,17 151 672.109 66.0 12.56 †
tEME-AE 181,18–170,17 151 672.141 66.0 12.56 †
tEME-EA 181,18–170,17 151 672.495 66.0 12.56 †
tEME-AA 181,18–170,17 151 672.527 66.0 12.56 †
tEME-EE’ 112,10–101,9 153 109.700 30.1 3.73 153 109.7 0.05 0.03
tEME-EE 112,10–101,9 153 109.705 30.1 3.73 †
tEME-AE 112,10–101,9 153 109.879 30.1 3.73 †
tEME-EA 112,10–101,9 153 111.294 30.1 3.73 153 111.4 0.05 0.02 U-line
tEME-AA 112,10–101,9 153 111.471 30.1 3.73 †
tEME-EE 324,28–323,29 154 467.850 222.8 18.42 154 468.1 0.02 0.02
tEME-EE’ 324,28–323,29 154 467.860 222.8 18.42 †
tEME-AE 324,28–323,29 154 468.157 222.8 18.42 †
tEME-AA 241,23–232,22 155 980.202 118.5 8.61 ... ... 0.03 CH3CH2CN 312 = 1
tEME-EA 241,23–232,22 155 980.284 118.5 8.61 †
tEME-AE 241,23–232,22 155 981.396 118.5 8.61 ... ... 0.03 CH3CH2CN 312 = 1
tEME-EE 241,23–232,22 155 981.478 118.5 8.61 †
tEME-EE’ 241,23–232,22 155 981.479 118.5 8.61 †
tEME-EE 314,27–313,28 156 169.103 210.3 17.65 ... ... 0.02 CH3CH2CN
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EE’ 314,27–313,28 156 169.114 210.3 17.65 †
tEME-AE 314,27–313,28 156 169.418 210.3 17.65 †
tEME-EE 304,26–313,27 157 727.158 198.3 16.91 157 727.3 0.03 0.02
tEME-EE’ 304,26–313,27 157 727.174 198.3 16.91 †
tEME-AE 304,26–313,27 157 727.482 198.3 16.91 †
tEME-EE’ 191,19–180,18 158 519.756 73.2 13.52 ... ... 0.10 CH3OCOH 3t = 1, CH3COCH3
tEME-EE 191,19–180,18 158 519.756 73.2 13.52 †
tEME-AE 191,19–180,18 158 519.786 73.2 13.52 †
tEME-EA 191,19–180,18 158 520.119 73.2 13.52 †
tEME-AA 191,19–180,18 158 520.149 73.2 13.52 †
tEME-EE 294,25–293,26 159 140.100 186.7 16.20 ... ... 0.03 U-line
tEME-EE’ 294,25–293,26 159 140.121 186.7 16.19 †
tEME-AE 294,25–293,26 159 140.432 186.7 16.20 †
tEME-EA 294,25–293,26 159 143.035 186.7 16.20 ... ... 0.02 U-line
tEME-AA 294,25–293,26 159 143.357 186.7 16.20 †
tEME-AA 210,21–201,20 159 477.061 88.4 15.31 159 477.1 0.15 0.10 CH2CN
tEME-EA 210,21–201,20 159 477.074 88.4 15.31 †
tEME-AE 210,21–201,20 159 477.319 88.4 15.31 †
tEME-EE 210,21–201,20 159 477.332 88.4 15.31 †
tEME-EE’ 210,21–201,20 159 477.332 88.4 15.31 †
tEME-EE 102,8–91,9 159 548.654 25.9 2.61 159 548.8 0.09 0.02 CH3COOH 3t = 2
tEME-EE’ 102,8–91,9 159 548.661 25.9 2.61 † ′′ ′′
tEME-AE 102,8–91,9 159 548.866 25.9 2.61 † ′′ ′′
tEME-EE’ 122,11–111,10 159 710.946 34.7 4.05 ... ... 0.03 CH3CH2CN 312/321
tEME-EE 122,11–111,10 159 710.950 34.7 4.05 †
tEME-AE 122,11–111,10 159 711.121 34.7 4.05 †
tEME-EA 122,11–111,10 159 712.526 34.7 4.05 ... ... 0.02 CH3CH2CN 312/321
tEME-AA 122,11–111,10 159 712.699 34.7 4.05 †
tEME-EE 284,24–283,25 160 409.193 175.5 15.50 ... ... 0.03 CH3COCH3
tEME-EE’ 284,24–283,25 160 409.221 175.5 15.50 †
tEME-AE 284,24–283,25 160 409.535 175.5 15.50 †
tEME-EA 284,24–283,25 160 412.123 175.5 15.50 ... ... 0.02 CH3OCOH 3t = 1
tEME-AA 284,24–283,25 160 412.450 175.5 15.50 †
tEME-EE’ 103,8–92,7 199 842.884 31.6 3.55 199 843.5 ... 0.05 CH3OCOH 3t = 2
tEME-EE 103,8–92,7 199 843.513 31.6 3.65 †
tEME-AE 103,8–92,7 199 843.521 31.6 3.61 †
tEME-EA 103,8–92,7 199 846.703 31.6 3.78 ... ... 0.04 CH3OCOH 3t = 1
tEME-AA 103,8–92,7 199 847.033 31.6 3.78 †
tEME-EE’ 44,1–33,1 199 953.072 22.3 3.50 199 953.5 0.18 0.06 CH3CH2OH
tEME-EE 44,1–33,1 199 953.406 22.3 3.50 †
tEME-AE 44,1–33,1 199 953.633 22.3 3.50 †
tEME-EE 44,0–33,0 199 954.307 22.3 3.50 199 954.7 0.12 0.06 CH3CH2OH
tEME-EE’ 44,0–33,0 199 954.642 22.3 3.50 †
tEME-AE 44,0–33,0 199 954.869 22.3 3.50 †
tEME-EA 44,1–33,1 199 956.750 22.3 3.50 199 957.2 0.19 0.08 CH2CHCN 315 = 1
tEME-EA 44,0–33,0 199 957.085 22.3 3.50 †
tEME-AA 44,1–33,0 199 957.305 22.3 3.50 †
tEME-AA 44,0–33,1 199 957.317 22.3 3.50 †
tEME-EE 103,7–92,8 200 603.336 31.6 3.64 ... ... 0.05 U-line
tEME-AE 103,7–92,8 200 603.932 31.6 3.59 †
tEME-EE’ 103,7–92,8 200 603.965 31.6 3.54 †
tEME-EA 103,7–92,8 200 605.130 31.6 3.76 ... ... 0.04 CH3OCOH
tEME-AA 103,7–92,8 200 605.404 31.6 3.77 †
tEME-EE 142,12–131,13 200 820.096 45.3 2.62 ... ... 0.04 CH3OH
tEME-EE’ 142,12–131,13 200 820.098 45.3 2.62 †
tEME-AE 142,12–131,13 200 820.324 45.3 2.62 †
tEME-EA 142,12–131,13 200 821.765 45.3 2.62 ... ... 0.03 CH3OH
tEME-AA 142,12–131,13 200 821.991 45.3 2.62 †
tEME-EE’ 251,25–240,24 200 871.974 124.2 19.55 200 872.2 0.59 0.20 CH2CHCN 311 = 2
tEME-EE 251,25–240,24 200 871.975 124.2 19.55 †
tEME-AE 251,25–240,24 200 871.991 124.2 19.55 †
tEME-EA 251,25–240,24 200 872.199 124.2 19.55 †
tEME-AA 251,25–240,24 200 872.216 124.2 19.55 †
tEME-AA 260,26–251,25 201 553.272 133.9 20.51 201 553.4 0.32 0.21
tEME-EA 260,26–251,25 201 553.275 133.9 20.51 †
tEME-AE 260,26–251,25 201 553.416 133.9 20.51 †
tEME-EE 260,26–251,25 201 553.419 133.9 20.51 †
tEME-EE’ 260,26–251,25 201 553.419 133.9 20.51 †
tEME-EE’ 192,18–181,17 202 767.815 77.9 6.76 ... ... 0.08 H13CCCN, CH3CN 38 = 1
tEME-EE 192,18–181,17 202 767.815 77.9 6.76 †
tEME-AE 192,18–181,17 202 767.956 77.9 6.76 †
tEME-EA 192,18–181,17 202 769.267 77.9 6.76 ... ... 0.05 H13CCCN, CH3CN 38 = 1
tEME-AA 192,18–181,17 202 769.407 77.9 6.76 †
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-AA 291,28–282,27 207 138.789 170.9 12.63 207 139.6 0.07 0.07
tEME-EA 291,28–282,27 207 138.838 170.9 12.63 †
tEME-AE 291,28–282,27 207 139.740 170.9 12.63 †
tEME-EE 291,28–282,27 207 139.789 170.9 12.63 †
tEME-EE’ 291,28–282,27 207 139.789 170.9 12.63 †
tEME-EE’ 113,9–102,8 207 643.771 35.9 3.90 ... ... 0.07 CH3CH2CN
tEME-EE 113,9–102,8 207 644.152 35.9 3.94 †
tEME-AE 113,9–102,8 207 644.276 35.9 3.92 †
tEME-EA 113,9–102,8 207 647.053 35.9 3.99 207 647.4 0.20 0.05 CH3CH2CN
tEME-AA 113,9–102,8 207 647.369 35.9 3.99 †
tEME-EE’ 54,2–43,2 208 004.136 24.2 3.60 ... ... 0.07 CH3CH2CN, CH3CH2OH
tEME-EE 54,2–43,2 208 004.469 24.2 3.60 †
tEME-AE 54,2–43,2 208 004.696 24.2 3.60 †
tEME-EE 54,1–43,1 208 005.368 24.2 3.60 †
tEME-EE’ 54,1–43,1 208 005.702 24.2 3.60 †
tEME-AE 54,1–43,1 208 005.929 24.2 3.60 †
tEME-EA 54,2–43,2 208 007.812 24.2 3.60 ... ... 0.09 CH3CH2CN, CH3CH2OH
tEME-EA 54,1–43,1 208 008.143 24.2 3.60 †
tEME-AA 54,2–43,1 208 008.330 24.2 3.60 †
tEME-AA 54,1–43,2 208 008.413 24.2 3.60 †
tEME-EE’ 261,26–250,25 208 147.627 134.1 20.57 208 147.7 0.58 0.22 CH2CHCN 311 = 1
tEME-EE 261,26–250,25 208 147.627 134.1 20.57 †
tEME-AE 261,26–250,25 208 147.642 134.1 20.57 †
tEME-EA 261,26–250,25 208 147.831 134.1 20.57 †
tEME-AA 261,26–250,25 208 147.846 134.1 20.57 †
tEME-EE’ 202,19–191,18 208 541.474 85.6 7.24 208 541.5 0.19 0.08
tEME-EE 202,19–191,18 208 541.474 85.6 7.24 †
tEME-AE 202,19–191,18 208 541.609 85.6 7.24 †
tEME-EA 202,19–191,18 208 542.901 85.6 7.24 208 543.0 0.16 0.05
tEME-AA 202,19–191,18 208 543.036 85.6 7.24 †
tEME-EE 113,8–102,9 208 783.787 35.9 3.92 ... ... 0.07 CH3OCOH
tEME-EE’ 113,8–102,9 208 784.168 35.9 3.88 †
tEME-AE 113,8–102,9 208 784.265 35.9 3.90 †
tEME-EA 113,8–102,9 208 785.864 35.9 3.96 ... ... 0.05 CH3OCOH
tEME-AA 113,8–102,9 208 786.150 35.9 3.96 †
tEME-AA 270,27–261,26 209 774.111 144.1 21.55 209 774.0 0.35 0.22 CH2CHCN 315 = 1
tEME-EA 270,27–261,26 209 774.113 144.1 21.55 †
tEME-AE 270,27–261,26 209 774.236 144.1 21.55 †
tEME-EE 270,27–261,26 209 774.238 144.1 21.55 †
tEME-EE’ 270,27–261,26 209 774.238 144.1 21.55 †
tEME-EE 152,13–141,14 211 933.388 51.2 2.56 ... ... 0.04 CH3OCOH
tEME-EE’ 152,13–141,14 211 933.389 51.2 2.56 †
tEME-AE 152,13–141,14 211 933.621 51.2 2.56 †
tEME-EA 152,13–141,14 211 935.057 51.2 2.56 ... ... 0.03 CH3OCOH
tEME-AA 152,13–141,14 211 935.290 51.2 2.56 †
tEME-EE 325,27–324,28 212 287.353 232.9 17.12 ... ... 0.04 CH3COCH3
tEME-EE’ 325,27–324,28 212 287.576 232.9 17.07 †
tEME-AE 325,27–324,28 212 287.827 232.9 17.10 †
tEME-EA 325,27–324,28 212 290.165 232.9 17.17 ... ... 0.03 CH3COCH3
tEME-AA 325,27–324,28 212 290.528 232.9 17.17 †
tEME-EE 315,26–314,27 212 762.787 220.6 16.46 ... ... 0.03 CH3OCH3
tEME-EE’ 315,26–314,27 212 763.095 220.6 16.37 †
tEME-AE 315,26–314,27 212 763.306 220.6 16.42 †
tEME-EA 315,26–314,27 212 765.533 220.6 16.55 212 766.9 0.14 0.03 CH3OCH3
tEME-AA 315,26–314,27 212 765.897 220.6 16.55 †
tEME-EE 305,25–304,26 213 178.397 208.6 15.77 ... ... 0.04 U-line
tEME-EE’ 305,25–304,26 213 178.825 208.6 15.61 †
tEME-AE 305,25–304,26 213 178.976 208.6 15.70 †
tEME-EA 305,25–304,26 213 181.046 208.6 15.93 213 181.4 0.21 0.03 CH2OHCHO
tEME-AA 305,25–304,26 213 181.410 208.6 15.94 †
tEME-EE’ 335,29–334,30 213 495.962 245.7 17.69 213 495.8 0.09 0.04 U-line
tEME-EE 335,29–334,30 213 496.124 245.7 17.72 †
tEME-AE 335,29–334,30 213 496.418 245.7 17.71 †
tEME-EA 335,29–334,30 213 499.211 245.7 17.75 213 499.3 0.10 0.03 U-line
tEME-AA 335,29–334,30 213 499.587 245.7 17.75 †
tEME-EE 295,24–294,25 213 540.983 196.9 15.03 213 541.4 0.16 0.05 CH2CHCN 311 = 2
tEME-EE’ 295,24–294,25 213 541.573 196.9 14.74 †
tEME-AE 295,24–294,25 213 541.643 196.9 14.89 †
tEME-EA 295,24–294,25 213 543.491 196.9 15.32 ... ... 0.04 CH2CHCN 311 = 2
tEME-AA 295,24–294,25 213 543.850 196.9 15.33 †
tEME-EE’ 325,28–324,29 213 676.308 232.9 17.03 213 676.5 0.20 0.04 CH3CH2OH
tEME-EE 325,28–324,29 213 676.530 232.9 17.09 †
tEME-AE 325,28–324,29 213 676.802 232.9 17.06 †
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Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EA 325,28–324,29 213 679.692 232.9 17.13 213 680.0 0.14 0.03 CH3COOCH3
tEME-AA 325,28–324,29 213 680.076 232.9 17.14 †
tEME-EE’ 315,27–314,28 213 854.674 220.5 16.34 ... ... 0.05 CH3CH2OH
tEME-EE 315,27–314,28 213 854.982 220.5 16.44 †
tEME-AE 315,27–314,28 213 855.220 220.5 16.39 †
tEME-EE 285,23–284,24 213 856.708 185.7 14.18 ... ... 0.05 CH3CH2OH
tEME-AE 285,23–284,24 213 857.473 185.7 13.94 †
tEME-EE’ 285,23–284,24 213 857.509 185.7 13.70 †
tEME-EA 315,27–314,28 213 858.239 220.5 16.52 ... ... 0.05 CH3CH2OH
tEME-AA 315,27–314,28 213 858.632 220.5 16.53 †
tEME-EA 285,23–284,24 213 859.015 185.7 14.70 †
tEME-AA 285,23–284,24 213 859.367 185.7 14.73 †
tEME-EE’ 305,26–304,27 214 028.729 208.6 15.59 ... ... 0.05 CH3COCH3
tEME-EE 305,26–304,27 214 029.157 208.6 15.76 †
tEME-AE 305,26–304,27 214 029.345 208.6 15.68 †
tEME-EA 305,26–304,27 214 032.539 208.6 15.91 ... ... 0.04
tEME-AA 305,26–304,27 214 032.943 208.6 15.92 †
tEME-EE 275,22–274,23 214 131.118 174.9 13.15 ... ... 0.04 CH3CH213CN, CH3COOH 3t = 1
tEME-AE 275,22–274,23 214 132.010 174.9 12.80 †
tEME-EE’ 275,22–274,23 214 132.166 174.9 12.45 †
tEME-EA 275,22–274,23 214 133.150 174.9 14.07 ... ... 0.04 CH3CH213CN, CH3COOH 3t = 1
tEME-AA 275,22–274,23 214 133.486 174.9 14.14 †
tEME-EE’ 295,25–294,25 214 196.531 196.9 14.72 ... ... 0.05 CH313CH2CN, CH3O13COH 3t = 1
tEME-EE 295,25–294,25 214 197.122 196.9 15.02 †
tEME-AE 295,25–294,25 214 197.239 196.9 14.88 †
tEME-EA 295,25–294,25 214 200.673 196.9 15.30 ... ... 0.04 CH313CH2CN, CH3O13COH 3t = 1
tEME-AA 295,25–294,25 214 201.091 196.9 15.32 †
tEME-EE’ 212,20–201,19 214 246.202 93.7 7.76 214 246.2 0.15 0.09 13CH3CN
tEME-EE 212,20–201,19 214 246.202 93.7 7.76 †
tEME-AE 212,20–201,19 214 246.332 93.7 7.76 †
tEME-EA 212,20–201,19 214 247.602 93.7 7.76 214 247.7 0.11 0.06 13CH3CN
tEME-AA 212,20–201,19 214 247.732 93.7 7.76 †
tEME-EE’ 265,22–264,22 214 355.828 164.4 2.47 ... ... 0.05 SO, 13CH3CN
tEME-EE’ 285,24–284,25 214 356.510 185.7 13.69 †
tEME-AE 265,22–264,22 214 356.963 164.4 2.08 †
tEME-EE 265,22–264,22 214 357.232 164.4 1.63 †
tEME-EE 285,24–284,25 214 357.312 185.7 14.17 †
tEME-AE 285,24–284,25 214 357.333 185.7 13.93 †
tEME-EA 285,24–284,25 214 361.091 185.7 14.69 ... ... 0.04 SO, 13CH3CN
tEME-AA 285,24–284,25 214 361.527 185.7 14.72 †
tEME-EE 265,21–264,22 214 369.161 164.4 11.92 ... ... 0.07 SO, 13CH3CN
tEME-AE 265,21–264,22 214 370.185 164.4 11.47 †
tEME-EE’ 265,21–264,22 214 370.456 164.4 11.08 †
tEME-EA 265,21–264,22 214 370.843 164.4 13.42 †
tEME-AA 265,21–264,22 214 371.154 164.4 13.55 †
tEME-EE’ 275,23–274,24 214 507.462 174.9 12.45 ... ... 0.04 CH3CH2CN
tEME-AE 275,23–274,24 214 508.414 174.9 12.79 †
tEME-EE 275,23–274,24 214 508.510 174.9 13.15 †
tEME-EA 275,23–274,24 214 512.591 174.9 14.07 ... ... 0.04 CH3CH2CN
tEME-AA 275,23–274,24 214 513.051 174.9 14.13 †
tEME-EE 255,20–254,21 214 575.213 154.4 10.55 ... ... 0.09 13C17O
tEME-AE 255,20–254,21 214 576.349 154.4 10.10 †
tEME-EA 255,20–254,21 214 576.498 154.4 12.69 †
tEME-EE’ 255,20–254,21 214 576.706 154.4 9.74 †
tEME-AA 255,20–254,21 214 576.769 154.4 12.96 †
tEME-EE’ 265,22–264,23 214 648.535 164.4 11.08 ... ... 0.04 CH3OCOH
tEME-AE 265,22–264,23 214 649.611 164.4 11.47 †
tEME-EE 265,22–264,23 214 649.829 164.4 11.92 †
tEME-EA 265,22–264,23 214 654.288 164.5 13.41 ... ... 0.04 CH3OCOH
tEME-AA 265,22–264,23 214 654.781 164.5 13.54 †
tEME-EE 245,19–244,20 214 753.118 144.7 9.23 214 754.3 0.20 0.09
tEME-EA 245,19–244,20 214 754.023 144.7 11.84 †
tEME-AA 245,19–244,20 214 754.233 144.7 12.38 †
tEME-AE 245,19–244,20 214 754.329 144.7 8.86 †
tEME-EE’ 245,19–244,20 214 754.733 144.7 8.60 †
tEME-EE’ 255,21–254,22 214 779.208 154.4 9.74 ... ... 0.04 CH3OCOH
tEME-AE 255,21–254,22 214 780.378 154.4 10.10 †
tEME-EE 255,21–254,22 214 780.701 154.4 10.55 †
tEME-EA 255,21–254,22 214 785.581 154.4 12.69 ... ... 0.04 CH3OCOH
tEME-AA 255,21–254,22 214 786.123 154.4 12.96 †
tEME-EE’ 245,20–244,21 214 899.228 144.7 8.61 ... ... 0.04 CH3OCOH 3t = 1
tEME-AE 245,20–244,21 214 900.454 144.7 8.87 †
tEME-EE 245,20–244,21 214 900.844 144.7 9.23 †
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Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EA 245,20–244,21 214 906.128 144.7 11.83 ... ... 0.11 CH3CH2CN
tEME-EE 235,18–234,19 214 906.260 135.4 8.13 †
tEME-AA 245,20–244,21 214 906.739 144.7 12.38 †
tEME-EA 235,18–234,19 214 906.872 135.4 10.76 †
tEME-AA 235,18–234,19 214 906.992 135.4 11.80 †
tEME-AE 235,18–234,19 214 907.507 135.4 7.91 †
tEME-EE’ 235,18–234,19 214 907.924 135.4 7.77 †
tEME-EE 245,19–244,21 214 909.858 144.7 3.15 †
tEME-EA 245,19–244,21 214 910.548 144.7 0.55 †
tEME-AE 245,19–244,21 214 911.166 144.7 3.51 †
tEME-EE’ 245,19–244,21 214 911.685 144.7 3.77 †
tEME-EE’ 235,19–234,20 215 008.545 135.4 7.77 ... ... 0.02 CH3CH2CN 313/321
tEME-AE 235,19–234,20 215 009.791 135.4 7.91 ... ... 0.04 CH3CH2CN 313/321
tEME-EE 235,19–234,20 215 010.209 135.4 8.13 †
tEME-EA 235,19–234,20 215 015.810 135.4 10.75 215 016.7 0.05 0.04
tEME-AA 235,19–234,20 215 016.519 135.4 11.80 †
tEME-EA 225,18–224,18 215 035.544 126.6 1.78 ... ... 0.07 CH3CH2CN
tEME-EE 225,17–224,18 215 037.639 126.6 7.33 †
tEME-EA 225,17–224,18 215 038.085 126.6 9.45 †
tEME-AA 225,17–224,18 215 038.089 126.6 11.23 †
tEME-AE 225,17–224,18 215 038.890 126.6 7.24 †
tEME-EE’ 225,17–224,18 215 039.292 126.6 7.21 †
tEME-AA 352,33–343,32 215 107.148 250.8 9.27 ... ... 0.03 CH3CH2CN
tEME-EA 352,33–343,32 215 107.270 250.8 9.27 †
tEME-EE’ 225,18–224,19 215 107.270 126.6 7.21 †
tEME-AE 225,18–224,19 215 108.508 126.6 7.24 †
tEME-EE 225,18–224,19 215 108.923 126.6 7.33 ... ... 0.05 CH3CH2CN
tEME-AE 352,33–343,32 215 109.184 250.8 9.27 †
tEME-EE 352,33–343,32 215 109.306 250.8 9.27 †
tEME-EE’ 352,33–343,32 215 109.306 250.8 9.27 †
tEME-EA 225,18–224,19 215 114.713 126.6 9.45 ... ... 0.04 CH3CH2CN
tEME-AA 225,18-224,19 215 115.545 126.6 11.23 †
tEME-EE 225,17–224,19 215 117.232 126.6 3.90 †
tEME-EA 225,17–224,19 215 117.254 126.6 1.78 †
tEME-AE 225,17–224,19 215 118.679 126.6 3.99 †
tEME-EE’ 225,17–224,19 215 119.312 126.6 4.02 †
tEME-EA 215,17–214,17 215 148.139 118.0 2.58 215 150.3 0.25 0.07 CH3COCH3
tEME-EE 215,16–214,17 215 149.914 118.0 6.81 †
tEME-AA 215,16–214,17 215 150.202 118.0 10.66 †
tEME-EA 215,16–214,17 215 150.327 118.0 8.07 †
tEME-AE 215,16–214,17 215 151.142 118.0 6.84 †
tEME-EE’ 215,16–214,17 215 151.503 118.0 6.91 †
tEME-EE’ 215,17–214,18 215 195.665 118.0 6.91 ... ... 0.04 SO
tEME-AE 215,17–214,18 215 196.869 118.0 6.84 †
tEME-EE 215,17–214,18 215 197.254 118.0 6.81 †
tEME-EA 215,17–214,18 215 203.100 118.0 8.07 ... ... 0.04 SO
tEME-AA 215,17–214,18 215 204.068 118.0 10.66 †
tEME-EA 215,16–214,18 215 205.287 118.0 2.58 †
tEME-EE 215,16–214,18 215 205.486 118.0 3.85 †
tEME-EA 205,16–204,16 215 243.901 109.9 3.19 ... ... 0.07 SO
tEME-EE 205,15–204,16 215 245.438 109.9 6.54 †
tEME-AA 205,15–204,16 215 245.691 109.9 10.09 †
tEME-EA 205,15–204,16 215 245.934 109.9 6.89 †
tEME-AE 205,15–204,16 215 246.615 109.9 6.68 †
tEME-EE’ 205,15–204,16 215 246.907 109.9 6.83 †
tEME-EE’ 205,16–204,17 215 274.126 109.9 6.83 ... ... 0.04 CH3CH2CN 320 = 1
tEME-AE 205,16–204,17 215 275.268 109.9 6.68 †
tEME-EE 205,16–204,17 215 275.595 109.9 6.54 †
tEME-EA 205,16–204,17 215 281.378 109.9 6.89 ... ... 0.04 CH3CH2CN 313/321
tEME-AA 205,16–204,17 215 282.470 109.9 10.09 †
tEME-EA 205,15–204,17 215 283.411 109.9 3.19 †
tEME-EE 205,15–204,17 215 283.810 109.9 3.55 †
tEME-EA 195,15–194,15 215 324.992 102.2 3.49 215 326.9 0.20 0.08 CH3OCOH
tEME-EE 195,14–194,15 215 326.280 102.2 6.50 †
tEME-AA 195,14–194,15 215 326.637 102.2 9.52 †
tEME-EA 195,14–194,15 215 326.971 102.2 6.03 †
tEME-AE 195,14–194,15 215 327.373 102.2 6.72 †
tEME-EE’ 195,14–194,15 215 327.561 102.2 6.95 †
tEME-EE’ 195,15–194,16 215 343.169 102.2 6.95 215 344.3 0.20 0.05 CH3OCOH 3t = 1
tEME-AE 195,15–194,16 215 344.214 102.2 6.72 †
tEME-EE 195,15–194,16 215 344.450 102.2 6.50 †
tEME-EA 195,15–194,16 215 350.059 102.2 6.03 ... ... 0.05 CH3CH2CN
tEME-AA 195,15–194,16 215 351.248 102.2 9.52 †
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Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
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tEME-EE’ 123,10–112,9 215 361.252 40.5 4.16 ... ... 0.07 CH3CH2CN 313/321
tEME-EE 123,10–112,9 215 361.484 40.5 4.18 †
tEME-AE 123,10–112,9 215 361.676 40.5 4.17 †
tEME-EA 123,10–112,9 215 364.224 40.5 4.19 ... ... 0.05 CH3CH2CN 313/321
tEME-AA 123,10–112,9 215 364.533 40.5 4.20 †
tEME-EE 185,13–184,14 215 394.256 94.8 6.65 ... ... 0.11 CH3CH2CN
tEME-AA 185,13–184,14 215 394.875 94.8 8.95 †
tEME-AE 185,13–184,14 215 395.227 94.8 6.94 †
tEME-EA 185,13–184,14 215 395.264 94.8 5.47 †
tEME-EE’ 185,13–184,14 215 395.280 94.8 7.19 †
tEME-EE’ 185,14–184,15 215 403.394 94.8 7.19 ... ... 0.06 CH3CH2CN
tEME-AE 185,14–184,15 215 404.308 94.8 6.94 †
tEME-EE 185,14–184,15 215 404.417 94.8 6.65 †
tEME-EA 185,14–184,15 215 409.728 94.8 5.47 ... ... 0.09 CH3CH2CN 3 = 0; 313/321
tEME-AA 185,14–184,15 215 410.979 94.8 8.95 †
tEME-EA 175,13–174,13 215 450.467 87.9 3.22 215 451.8 0.47 0.11 CH3CH2CN 320 = 1, NH2CHO 312 = 1
tEME-EE 175,13–174,13 215 450.974 87.9 6.90 †
tEME-EE’ 175,13–174,13 215 451.703 87.9 7.39 †
tEME-AE 175,13–174,13 215 451.799 87.9 7.18 †
tEME-AA 175,13–174,13 215 452.025 87.9 8.39 †
tEME-EA 175,13–174,13 215 452.436 87.9 5.17 †
tEME-EE’ 175,13–174,13 215 455.422 87.9 7.39 ... ... 0.07 CH3CH2CN 313/321, CH3CH2OH
tEME-EE 175,13–174,13 215 456.151 87.9 6.90 †
tEME-AE 175,13–174,13 215 456.193 87.9 7.18 †
tEME-EA 175,13–174,14 215 461.025 87.9 5.17 ... ... 0.04 CH3CH2CN 313/321, CH3CH2OH
tEME-AA 175,13–174,14 215 462.304 87.9 8.39 †
tEME-EA 175,12–174,14 215 462.994 87.9 3.22 †
tEME-EE’ 271,27–260,26 215 478.840 144.2 21.60 ... ... 0.24 CH3CH2CN 313/321
tEME-EE 271,27–260,26 215 478.840 144.2 21.60 †
tEME-AE 271,27–260,26 215 478.854 144.2 21.60 †
tEME-EA 271,27–260,26 215 479.025 144.2 21.60 †
tEME-AA 271,27–260,26 215 479.039 144.2 21.60 †
tEME-EE 165,11–164,12 215 497.897 81.3 7.05 ... ... 0.09 CH3OCH3, CH3CH2CN 313/321
tEME-EA 165,12–164,12 215 497.943 81.3 2.74 †
tEME-EE’ 165,11–164,12 215 498.372 81.3 7.37 †
tEME-AE 165,11–164,12 215 498.590 81.3 7.24 †
tEME-AA 165,11–164,12 215 499.524 81.3 7.82 ... ... 0.11 CH3OCH3, CH3CH2CN 313/321
tEME-EE’ 165,12–164,13 215 499.830 81.3 7.37 †
tEME-EA 165,11–164,12 215 499.921 81.3 5.08 †
tEME-EE 165,12–164,13 215 500.305 81.3 7.05 †
tEME-AE 165,12–164,13 215 500.485 81.3 7.24 †
tEME-EA 165,11–164,12 215 504.636 81.3 5.08 ... ... 0.05 CH3OCH3, CH3CH2CN 313/321, 33SH2
tEME-AA 165,12–164,13 215 505.905 81.3 7.82 †
tEME-EA 165,12–164,13 215 506.613 81.3 2.74 †
tEME-EE 155,10–154,11 215 536.404 75.1 6.94 215 536.9 0.25 0.15 CH3OCOH 3t = 1
tEME-EE’ 155,10–154,11 215 536.720 75.1 7.08 †
tEME-EA 155,11–154,11 215 537.002 75.1 2.05 †
tEME-AE 155,10–154,11 215 537.010 75.1 7.03 †
tEME-EE’ 155,11–154,12 215 537.169 75.1 7.08 †
tEME-EE 155,11–154,12 215 537.485 75.1 6.94 †
tEME-AE 155,11–154,12 215 537.757 75.1 7.03 †
tEME-AA 155,10–154,11 215 538.650 75.1 7.25 ... ... 0.04 CH3OCOH 3t = 1, CH3CH2CN 313/321
tEME-EA 155,10–154,11 215 538.990 75.1 5.21 †
tEME-AA 155,10–154,11 215 538.650 75.1 7.25 †
tEME-EA 155,10–154,11 215 538.990 75.1 5.21 †
tEME-EA 155,11–154,12 215 541.270 75.1 5.21 †
tEME-AA 155,11–154,12 215 542.488 75.1 7.25 †
tEME-EE 145,9–144,10 215 567.750 69.3 6.58 ... ... 0.17 CH3CH2CN 320 = 1
tEME-EE’ 145,9–144,10 215 567.993 69.3 6.63 †
tEME-EE’ 145,10–144,11 215 568.043 69.3 6.63 †
tEME-EE 145,10–144,11 215 568.286 69.3 6.58 †
tEME-AE 145,9–144,10 215 568.316 69.3 6.61 †
tEME-AE 145,10–144,11 215 568.602 69.3 6.61 †
tEME-EA 145,10–144,10 215 568.774 69.3 1.23 †
tEME-AA 145,9–144,10 215 570.539 69.3 6.68 ... ... 0.06 CH3CH2CN 313/321
tEME-EA 145,9–144,10 215 570.772 69.3 5.45 †
tEME-EA 145,10–144,11 215 571.650 69.3 5.45 †
tEME-AA 145,10–144,11 215 572.766 69.3 6.68 ... ... 0.04 CH3CH2CN 313/321
tEME-EA 145,9–144,11 215 573.648 69.3 1.23 †
tEME-EE 135,8–134,9 215 593.014 63.9 6.08 ... ... 0.17 CH3CH2CN 320 = 1, SiO 3 = 1
tEME-EE’ 135,9–134,10 215 593.138 63.9 6.09 †
tEME-EE’ 135,8–134,9 215 593.228 63.9 6.09 †
tEME-EE 135,9–134,10 215 593.353 63.9 6.08 †
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-AE 135,8–134,9 215 593.566 63.9 6.09 †
tEME-AE 135,9–134,10 215 593.687 63.9 6.09 †
tEME-AA 135,8–134,9 215 596.207 63.9 6.11 ... ... 0.09 CH3CH213CN, SiO 3 = 1
tEME-EA 135,8–134,9 215 596.289 63.9 5.58 †
tEME-EA 135,9–134,10 215 596.478 63.9 5.58 †
tEME-EE 125,7–124,8 215 613.102 58.9 5.52 ... ... 0.18 CH3CH2OH, CH3OCOH 3t = 1, CH3CH2CN
tEME-EE’ 125,8–124,9 215 613.172 58.9 5.53 †
tEME-EE’ 125,7–124,8 215 613.308 58.9 5.53 †
tEME-EE 125,8–124,9 215 613.378 58.9 5.52 †
tEME-AE 125,7–124,8 215 613.651 58.9 5.52 †
tEME-AE 125,8–124,9 215 613.720 58.9 5.52 †
tEME-EA 125,8–124,9 215 616.405 58.9 5.37 ... ... 0.10 CH3CH2CN
tEME-EA 125,7–124,8 215 616.490 58.9 5.37 †
tEME-AA 125,7–124,8 215 616.564 58.9 5.53 †
tEME-AA 125,8–124,9 215 617.221 58.9 5.53 †
tEME-EE 115,6–114,7 215 628.800 54.3 4.94 ... ... 0.16 CH3CH2CN
tEME-EE’ 115,7–114,8 215 628.855 54.3 4.94 †
tEME-EE’ 115,6–114,7 215 629.003 54.3 4.94 †
tEME-EE 115,7–114,8 215 629.058 54.3 4.94 †
tEME-AE 115,6–114,7 215 629.349 54.3 4.94 †
tEME-AE 115,7–114,8 215 629.404 54.3 4.94 ... ... 0.10 CH3CH2CN
tEME-EA 115,7–114,8 215 632.056 54.3 4.91 †
tEME-EA 115,6–114,7 215 632.229 54.3 4.91 †
tEME-AA 115,6–114,7 215 632.425 54.3 4.94 †
tEME-AA 115,7–114,8 215 632.754 54.3 4.94 †
tEME-EE 105,5–104,6 215 640.803 50.0 4.35 215 641.1 0.18 0.13 CH3COOH
tEME-EE’ 105,6–104,7 215 640.854 50.0 4.35 †
tEME-EE’ 105,5–104,6 215 641.007 50.0 4.35 †
tEME-EE 105,6–104,7 215 641.058 50.0 4.35 †
tEME-AE 105,5–104,6 215 641.354 50.0 4.35 †
tEME-AE 105,6–104,7 215 641.405 50.0 4.35 †
tEME-EA 105,6–104,7 215 644.051 50.0 4.34 215 644.4 0.21 0.10 CH3COOH
tEME-EA 105,5–104,6 215 644.248 50.0 4.34 †
tEME-AA 105,5–104,6 215 644.522 50.0 4.35 †
tEME-AA 105,6–104,7 215 644.676 50.0 4.35 †
tEME-EE 95,4–94,5 215 649.740 46.1 3.73 215 650.1 0.42 0.12 CH3CH2CN 320 = 1
tEME-EE’ 95,5–94,6 215 649.791 46.1 3.73 †
tEME-EE’ 95,4–94,5 215 649.944 46.1 3.73 †
tEME-EE 95,5–94,6 215 649.995 46.1 3.73 †
tEME-AE 95,4–94,5 215 650.292 46.1 3.73 †
tEME-AE 95,5–94,6 215 650.343 46.1 3.73 †
tEME-EA 95,5–94,6 215 652.990 46.1 3.73 215 653.4 0.42 0.08 CH3CH2CN 320 = 1
tEME-EA 95,4–94,5 215 653.193 46.1 3.73 †
tEME-AA 95,4–94,5 215 653.509 46.1 3.73 †
tEME-AA 95,5–94,6 215 653.575 46.1 3.73 †
tEME-EE 85,3–84,4 215 656.176 42.7 3.10 215 656.4 0.43 0.11 CH3CH2CN 320 = 1
tEME-EE’ 85,4–84,5 215 656.227 42.7 3.10 †
tEME-EE’ 85,3–84,4 215 656.380 42.7 3.10 †
tEME-EE 85,4–84,5 215 656.432 42.7 3.10 †
tEME-AE 85,3–84,4 215 656.730 42.7 3.10 †
tEME-AE 85,4–84,5 215 656.781 42.7 3.10 †
tEME-EA 85,4–84,5 215 659.431 42.7 3.10 215 659.8 0.36 0.09 CH3CH2CN 320 = 1
tEME-EA 85,3–84,4 215 659.635 42.7 3.10 †
tEME-AA 85,3–84,4 215 659.972 42.7 3.10 †
tEME-AA 85,4–84,5 215 659.998 42.7 3.10 †
tEME-EE 75,2–74,3 215 660.620 39.6 2.43 215 660.8 0.34 0.11 CH3CH2CN 320 = 1
tEME-EE’ 75,3–74,4 215 660.672 39.6 2.43 †
tEME-EE’ 75,2–74,3 215 660.825 39.6 2.43 †
tEME-EE 75,3–74,4 215 660.877 39.6 2.43 †
tEME-AE 75,2–74,3 215 661.175 39.6 2.43 †
tEME-AE 75,3–74,4 215 661.227 39.6 2.43 †
tEME-EE 65,1–64,2 215 663.523 36.9 1.72 215 663.9 0.30 0.11 CH3CH2CN 320 = 1
tEME-EE’ 65,2–64,3 215 663.575 36.9 1.72 †
tEME-EE’ 65,1–64,2 215 663.728 36.9 1.72 †
tEME-EE 65,2–64,3 215 663.780 36.9 1.72 †
tEME-EA 75,3–74,4 215 663.879 39.6 2.43 †
tEME-AE 65,1–64,2 215 664.080 36.9 1.72 †
tEME-EA 75,2–74,3 215 664.084 39.6 2.43 †
tEME-AE 65,2–64,3 215 664.131 36.9 1.72 †
tEME-AA 75,2–74,3 215 664.430 39.6 2.43 †
tEME-AA 75,3–74,4 215 664.439 39.6 2.43 †
tEME-EE 55,0–54,1 215 665.279 34.6 0.92 †
tEME-EE’ 55,1–54,2 215 665.331 34.6 0.92 †
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EE’ 55,0–54,1 215 665.485 34.6 0.92 †
tEME-EE 55,1–54,2 215 665.537 34.6 0.92 †
tEME-AE 55,0–54,1 215 665.837 34.6 0.92 †
tEME-AE 55,1–54,2 215 665.889 34.6 0.92 †
tEME-EA 65,2–64,2 215 666.786 36.9 1.72 ... ... 0.05 CH3CH2CN 3 = 0, 320 = 1
tEME-EA 65,1–64,2 215 666.991 36.9 1.72 †
tEME-EA 55,1–54,2 215 668.545 34.6 0.92 †
tEME-EA 55,0–54,1 215 668.751 34.6 0.92 †
tEME-AA 55,0–54,1 215 669.103 34.6 0.92 †
tEME-AA 55,1–54,2 215 669.103 34.6 0.92 †
tEME-EE’ 64,3–53,3 216 054.535 26.5 3.73 216 054.9 0.30 0.08 CH3CH2CN 313/321
tEME-EE 64,3–53,3 216 054.868 26.5 3.73 †
tEME-AE 64,3–53,3 216 055.095 26.5 3.73 †
tEME-EE 64,2–53,2 216 055.759 26.5 3.73 †
tEME-EE’ 64,2–53,2 216 056.093 26.5 3.73 216 056.4 0.26 0.08 CH3CH2CN 313/321
tEME-AE 64,2–53,2 216 056.319 26.5 3.73 †
tEME-EA 64,3–53,3 216 058.222 26.5 3.69 216 058.4 0.25 0.10 CH3CH2CN 313/321
tEME-EA 64,2–53,2 216 058.519 26.5 3.69 †
tEME-AA 64,3–53,2 216 058.597 26.5 3.73 †
tEME-AA 64,2–53,3 216 058.930 26.5 3.73 †
tEME-EE 123,9–112,10 217 007.530 40.5 4.14 217 007.7 0.13 0.08 HDCS, CH3OCOH
tEME-EE’ 123,9–112,10 217 007.763 40.5 4.12 †
tEME-AE 123,9–112,10 217 007.939 40.5 4.13 †
tEME-EA 123,9–112,10 217 009.762 40.5 4.16 217 010.0 0.13 0.05 HDCS, CH3OCOH
tEME-AA 123,9–112,10 217 010.054 40.5 4.16 †
tEME-AA 301,29–292,28 217 164.465 182.5 13.55 ... ... 0.07 CH3OCOH
tEME-EA 301,29–292,28 217 164.508 182.5 13.55 †
tEME-AE 301,29–292,28 217 165.360 182.5 13.55 †
tEME-EE 301,29–292,28 217 165.402 182.5 13.55 †
tEME-EE’ 301,29–292,28 217 165.402 182.5 13.55 †
tEME-AA 280,28–271,27 217 940.650 154.7 22.59 217 940.7 0.44 0.25 c-C3H2, HCC13CN 37 = 1, CH3COOCH3
tEME-EA 280,28–271,27 217 940.651 154.7 22.59 †
tEME-AE 280,28–271,27 217 940.758 154.7 22.59 †
tEME-EE 280,28–271,27 217 940.759 154.7 22.59 †
tEME-EE’ 280,28–271,27 217 940.759 154.7 22.59 †
tEME-EE’ 222,21–211,20 219 893.140 102.2 8.31 ... ... 0.09 SO
tEME-EE 222,21–211,20 219 893.140 102.2 8.31 †
tEME-AE 222,21–211,20 219 893.263 102.2 8.31 †
tEME-EA 222,21–211,20 219 894.511 102.2 8.31 ... 0.06 SO
tEME-AA 222,21–211,20 219 894.635 102.2 8.31 †
tEME-EE’ 281,28–270,27 222 861.487 154.8 22.63 222 861.3 0.55 0.26 CH3OCOH
tEME-EE 281,28–270,27 222 861.487 154.8 22.63 †
tEME-AE 281,28–270,27 222 861.500 154.8 22.63 †
tEME-EA 281,28–270,27 222 861.655 154.8 22.63 †
tEME-AA 281,28–270,27 222 861.668 154.8 22.63 †
tEME-EE’ 133,11–122,10 222 980.574 45.5 4.38 222 980.7 0.22 0.09 CH3O13COH
tEME-EE 133,11–122,10 222 980.720 45.5 4.39 †
tEME-AE 133,11–122,10 222 980.951 45.5 4.39 †
tEME-EA 133,11–122,10 222 983.368 45.5 4.40 222 983.7 0.16 0.06 CH3O13COH
tEME-AA 133,11–122,10 222 983.672 45.5 4.40 †
tEME-EE 162,14–151,15 223 403.761 57.4 2.48 ... ... 0.04 CH3OCH3, CH3OCOH 3t = 1
tEME-EE’ 162,14–151,15 223 403.762 57.4 2.48 †
tEME-AE 162,14–151,15 223 404.001 57.4 2.48 †
tEME-EA 162,14–151,15 223 405.432 57.4 2.48 ... ... 0.03 CH3OCH3
tEME-AA 162,14–151,15 223 405.671 57.4 2.48 †
tEME-EE’ 74,4–63,4 224 103.753 29.2 3.89 224 103.98 0.63 0.10 CH3CH2CN 313/321
tEME-EE 74,4–63,4 224 104.093 29.2 3.88 †
tEME-AE 74,4–63,4 224 104.315 29.2 3.89 †
tEME-EE 74,3–63,3 224 104.926 29.2 3.88 †
tEME-EE’ 74,3–63,3 224 105.266 29.2 3.89 224 105.2 0.47 0.10 CH3CH2CN 320 = 1
tEME-AE 74,3–63,3 224 105.490 29.2 3.89 †
tEME-AA 74,4–63,3 224 107.456 29.2 3.90 224 107.7 0.52 0.10 CH3CH2CN 320 = 1
tEME-EA 74,4–63,4 224 107.546 29.2 3.58 †
tEME-EA 74,3–63,3 224 107.581 29.2 3.58 †
tEME-AA 74,3–63,4 224 108.457 29.2 3.90 †
tEME-EE 133,10–122,11 225 283.674 45.5 4.33 ... ... 0.09 CH3CH2OH
tEME-EE’ 133,10–122,11 225 283.820 45.5 4.33 †
tEME-AE 133,10–122,11 225 284.043 45.5 4.33 †
tEME-EA 133,10–122,11 225 285.990 45.5 4.34 225 286.28 0.29 0.06 CH3CH2OH
tEME-AA 133,10–122,11 225 286.286 45.5 4.34 †
tEME-EE’ 232,22–221,21 225 494.508 111.0 8.90 225 494.4 0.12 0.10
tEME-EE 232,22–221,21 225 494.508 111.0 8.90 †
tEME-AE 232,22–221,21 225 494.625 111.0 8.90 †
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Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EA 232,22–221,21 225 495.848 111.0 8.90 225 495.9 0.12 0.07
tEME-AA 232,22–221,21 225 495.965 111.0 8.90 †
tEME-EA 290,29–281,28 226 057.836 165.7 23.62 226 057.9 0.65 0.26 CH3CH2OH
tEME-AA 290,29–281,28 226 057.836 165.7 23.62 †
tEME-EE 290,29–281,28 226 057.928 165.7 23.62 †
tEME-EE’ 290,29–281,28 226 057.928 165.7 23.62 †
tEME-AE 290,29–281,28 226 057.928 165.7 23.62 †
tEME-AA 311,30–302,29 227 090.552 194.5 14.51 ... ... 0.09 CH3OH
tEME-EA 311,30–302,29 227 090.589 194.5 14.51 †
tEME-AE 311,30–302,29 227 091.390 194.5 14.51 †
tEME-EE 311,30–302,29 227 091.426 194.5 14.51 †
tEME-EE’ 311,30–302,29 227 091.426 194.5 14.51 †
tEME-EE’ 291,29–280,28 230 291.194 165.8 23.66 ... ... 0.27 CH3OH
tEME-EE 291,29–280,28 230 291.194 165.8 23.66 †
tEME-AE 291,29–280,28 230 291.205 165.8 23.66 †
tEME-EA 291,29–280,28 230 291.345 165.8 23.66 †
tEME-AA 291,29–280,28 230 291.357 165.8 23.66 †
tEME-EE’ 143,12–132,11 230 486.881 50.9 4.59 ... ... 0.09 CO
tEME-EE 143,12–132,11 230 486.975 50.9 4.60 †
tEME-AE 143,12–132,11 230 487.227 50.9 4.59 †
tEME-EA 143,12–132,11 230 489.569 50.9 4.60 ... ... 0.07 CO
tEME-AA 143,12–132,11 230 489.869 50.9 4.60 †
tEME-EE’ 242,23–231,22 231 063.540 120.2 9.52 ... ... 0.11 OCS
tEME-EE 242,23–231,22 231 063.540 120.2 9.52 †
tEME-AE 242,23–231,22 231 063.652 120.2 9.52 †
tEME-EA 242,23–231,22 231 064.846 120.2 9.52 ... ... 0.08 OCS
tEME-AA 242,23–231,22 231 064.958 120.2 9.52 †
tEME-EE’ 84,5–73,5 232 151.207 32.3 4.03 232 152.1 0.47 0.11 13CH3CN, CH3OCOH 3t = 1
tEME-EE 84,5–73,5 232 151.590 32.3 3.98 †
tEME-AE 84,5–73,5 232 151.787 32.3 4.01 †
tEME-EE 84,4–73,4 232 152.098 32.3 3.98 †
tEME-EE’ 84,4–73,4 232 152.480 32.3 4.03 †
tEME-EA 84,5–73,4 232 152.521 32.3 1.00 †
tEME-AE 84,4–73,4 232 152.685 32.3 4.01 †
tEME-AA 84,5–73,4 232 154.033 32.3 4.08 ... ... 0.06 13CH3CN, CH3OCOH 3t = 1
tEME-EA 84,4–73,4 232 154.362 32.3 3.08 †
tEME-EA 84,5–73,5 232 155.426 32.3 3.08 †
tEME-AA 84,4–73,5 232 156.540 32.3 4.08 ... ... 0.04 13CH3CN, CH3OCOH 3t = 1
tEME-EA 84,4–73,5 232 157.268 32.3 1.00 †
tEME-EE 143,11–132,12 233 622.462 51.0 4.51 ... ... 0.10 CH3OCOH 3t = 0,1
tEME-EE’ 143,11–132,12 233 622.556 51.0 4.51 †
tEME-AE 143,11–132,12 233 622.806 51.0 4.51 †
tEME-EA 143,11–132,12 233 624.824 51.0 4.52 ... ... 0.06 CH3OCOH 3t = 0,1
tEME-AA 143,11–132,12 233 625.121 51.0 4.52 †
tEME-EA 300,30–291,29 234 130.523 177.0 24.66 ... ... 0.27 CH3CH2CN 313/321
tEME-AA 300,30–291,29 234 130.524 177.0 24.66 †
tEME-EE 300,30–291,29 234 130.601 177.0 24.66 †
tEME-EE’ 300,30–291,29 234 130.601 177.0 24.66 †
tEME-AE 300,30–291,29 234 130.602 177.0 24.66 †
tEME-EE 172,15–161,16 235 247.484 64.0 2.37 235 247.6 0.09 0.05
tEME-EE’ 172,15–161,16 235 247.485 64.0 2.37 †
tEME-AE 172,15–161,16 235 247.731 64.0 2.37 †
tEME-EA 172,15–161,16 235 249.156 64.0 2.37 235 249.6 0.14 0.03 U-line
tEME-AA 172,15–161,16 235 249.403 64.0 2.37 †
tEME-EE’ 252,24–241,23 236 614.358 129.8 10.19 236 614.4 0.30 0.11 CH3COOCH3
tEME-EE 252,24–241,23 236 614.358 129.8 10.19 †
tEME-AE 252,24–241,23 236 614.464 129.8 10.19 †
tEME-EA 252,24–241,23 236 615.628 129.8 10.19 † 0.08 CH3COOCH3
tEME-AA 252,24–241,23 236 615.733 129.8 10.19 †
tEME-AA 321,31–312,30 236 906.877 206.9 15.50 236 907.2 0.30 0.10 CH3SH, HC3N 36 = 1
tEME-EA 321,31–312,30 236 906.908 206.9 15.50 †
tEME-AE 321,31–312,30 236 907.656 206.9 15.50 †
tEME-EE 321,31–312,30 236 907.687 206.9 15.50 †
tEME-EE’ 321,31–312,30 236 907.687 206.9 15.50 †
tEME-EE’ 301,30–290,29 237 763.517 177.1 24.69 237 763.6 0.48 0.28 CH2CHCN
tEME-EE 301,30–290,29 237 763.517 177.1 24.69 †
tEME-AE 301,30–290,29 237 763.527 177.1 24.69 †
tEME-EA 301,30–290,29 237 763.653 177.1 24.69 †
tEME-AA 301,30–290,29 237 763.664 177.1 24.69 †
tEME-EE’ 153,13–142,12 237 865.715 56.7 4.79 ... ... 0.10 CH2CHCN
tEME-EE 153,13–142,12 237 865.778 56.7 4.80 †
tEME-AE 153,13–142,12 237 866.042 56.7 4.80 †
tEME-EA 153,13–142,12 237 868.339 56.7 4.80 ... ... 0.08 CH2CHCN
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-AA 153,13–142,12 237 868.635 56.7 4.80 †
tEME-EA 94,6–83,5 240 195.817 35.8 1.64 ... ... 0.10 CH2CHCN 315 = 1
tEME-EE 94,5–83,5 240 196.101 35.8 3.88 †
tEME-EE’ 94,6–83,6 240 196.396 35.8 3.88 †
tEME-EE’ 94,5–83,5 240 196.642 35.8 3.88 †
tEME-AE 94,5–83,5 240 196.777 35.8 3.88 †
tEME-EE 94,6–83,6 240 196.937 35.8 3.88 †
tEME-AE 94,6–83,6 240 197.045 35.8 3.88 †
tEME-AA 94,6–83,5 240 197.196 35.8 3.88 †
tEME-EA 94,5–83,5 240 197.654 35.8 3.88 †
tEME-EA 94,6–83,6 240 201.478 35.8 2.63 ... ... 0.05 CH2CHCN 315 = 1
tEME-AA 94,5–83,6 240 202.719 35.8 4.28 †
tEME-EA 94,5–83,6 240 203.315 35.8 1.64 †
tEME-EE 153,12–142,13 242 035.318 56.8 4.68 ... ... 0.10 CH2DCN
tEME-EE’ 153,12–142,13 242 035.380 56.8 4.68 †
tEME-AE 153,12–142,13 242 035.647 56.8 4.68 †
tEME-EA 153,12–142,13 242 037.704 56.8 4.68 ... ... 0.07 CH2DCN
tEME-EA 153,12–142,13 242 038.002 56.8 4.68 †
tEME-EE’ 262,25–251,24 242 161.785 139.8 10.89 ... ... 0.32 CH3CH2CN 320 = 1
tEME-EE 262,25–251,24 242 161.785 139.8 10.89 †
tEME-AE 262,25–251,24 242 161.884 139.8 10.89 †
tEME-EA 262,25–251,24 242 163.015 139.8 10.89 †
tEME-AA 262,25–251,24 242 163.114 139.8 10.89 †
tEME-EA 310,31–301,30 242 163.369 188.7 25.69 †
tEME-AA 310,31–301,30 242 163.371 188.7 25.69 †
tEME-EE 310,31–301,30 242 163.434 188.7 25.69 †
tEME-EE’ 310,31–301,30 242 163.434 188.7 25.69 †
tEME-AE 310,31–301,30 242 163.436 188.7 25.69 †
tEME-EE’ 163,14–152,13 245 103.550 62.9 4.99 ... ... 0.10 CH3CH213CN
tEME-EE 163,14–152,13 245 103.592 62.9 4.99 †
tEME-AE 163,14–152,13 245 103.864 62.9 4.99 †
tEME-EA 163,14–152,13 245 106.133 62.9 4.99 245 106.4 0.32 0.07 CH2OHCHO
tEME-AA 163,14–152,13 245 106.426 62.9 5.00 †
tEME-EE’ 311,31–300,30 245 274.088 188.8 25.71 245 274.3 0.40 0.29 34SO2
tEME-EE 311,31–300,30 245 274.088 188.8 25.71 †
tEME-AE 311,31–300,30 245 274.098 188.8 25.71 †
tEME-EA 311,31–300,30 245 274.211 188.8 25.71 †
tEME-AA 311,31–300,30 245 274.221 188.8 25.71 †
tEME-AA 331,32–322,31 246 605.346 219.6 16.51 246 606.0 0.36 0.11 CH3OCH3
tEME-EA 331,32–322,31 246 605.372 219.6 16.51 †
tEME-AE 331,32–322,31 246 606.066 219.6 16.51 †
tEME-EE 331,32–322,31 246 606.092 219.6 16.51 †
tEME-EE’ 331,32–322,31 246 606.092 219.6 16.51 †
tEME-EE 182,16–171,17 247 478.246 71.1 2.26 247 478.0 0.16 0.05 CH3OCOH 3t = 1
tEME-EE’ 182,16–171,17 247 478.247 71.1 2.26 †
tEME-AE 182,16–171,17 247 478.501 71.1 2.26 †
tEME-EA 182,16–171,17 247 479.920 71.1 2.26 247 480.0 0.16 0.03 CH3OCOH 3t = 1
tEME-AA 182,16–171,17 247 480.175 71.1 2.26 †
tEME-EE’ 272,26–261,25 247 721.097 150.2 11.63 247 721.2 0.23 0.11
tEME-EE 272,26–261,25 247 721.097 150.2 11.63 †
tEME-AE 272,26–261,25 247 721.190 150.2 11.63 †
tEME-EA 272,26–261,25 247 722.285 150.2 11.63 †
tEME-AA 272,26–261,25 247 722.378 150.2 11.63 †
tEME-EA 104,7–93,6 248 234.223 39.7 2.12 248 235.7 0.31 0.15 U-line
tEME-EE 104,6–93,6 248 235.232 39.7 3.50 †
tEME-AA 104,7–93,6 248 235.506 39.7 4.48 †
tEME-EA 104,6–93,6 248 236.059 39.7 2.36 †
tEME-AE 104,6–93,6 248 236.076 39.7 3.66 †
tEME-EE’ 104,6–93,6 248 236.093 39.7 3.79 †
tEME-EE’ 104,7–93,7 248 239.115 39.7 3.79 248 239.8 0.07 0.09 U-line
tEME-AE 104,7–93,7 248 239.913 39.7 3.66 †
tEME-EE 104,7–93,7 248 239.977 39.7 3.50 †
tEME-EA 104,7–93,7 248 245.234 39.7 2.36 ... ... 0.06 CH3COCH3
tEME-AA 104,6–93,7 248 246.569 39.7 4.48 †
tEME-EA 104,6–93,7 248 247.070 39.7 2.12 †
tEME-EE 104,6–93,7 248 248.602 39.7 0.98 †
tEME-AE 104,6–93,7 248 250.368 39.7 0.82 †
tEME-EE’ 104,6–93,7 248 251.399 39.7 0.69 †
tEME-EA 320,32–311,31 250 160.753 200.8 26.72 ... ... 0.29 34SO2
tEME-AA 320,32–311,31 250 160.756 200.8 26.72 †
tEME-EE 320,32–311,31 250 160.807 200.8 26.72 †
tEME-EE’ 320,32–311,31 250 160.807 200.8 26.72 †
tEME-AE 320,32–311,31 250 160.810 200.8 26.72 †
L1, page 28 of 43
430 Ape´ndice D: Tercero et al. 2015, A&A, 582, L1
B. Tercero et al.: Trans ethyl methyl ether in space
Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EE 163,13–152,14 250 534.903 62.9 4.83 250 535.0 0.16 0.11
tEME-EE’ 163,13–152,14 250 534.946 62.9 4.83 †
tEME-AE 163,13–152,14 250 535.223 62.9 4.83 †
tEME-EA 163,13–152,14 250 537.299 62.9 4.83 250 537.5 0.11 0.08
tEME-AA 163,13–152,14 250 537.598 62.9 4.83 †
tEME-EE’ 173,15–162,14 252 188.288 69.5 5.19 252 188.5 0.59 0.11 CH3CH2CN 313/321
tEME-EE 173,15–162,14 252 188.318 69.5 5.19 †
tEME-AE 173,15–162,14 252 188.592 69.5 5.19 †
tEME-EA 173,15–162,14 252 190.846 69.5 5.19 ... ... 0.08 CH3CH2CN 313/321
tEME-AA 173,15–162,14 252 191.135 69.5 5.19 †
tEME-EE’ 321,32–310,31 252 818.715 200.8 26.74 ... ... 0.29 CH3OH
tEME-EE 321,32–310,31 252 818.715 200.8 26.74 †
tEME-AE 321,32–310,31 252 818.724 200.8 26.74 †
tEME-EA 321,32–310,31 252 818.826 200.8 26.74 †
tEME-AA 321,32–310,31 252 818.835 200.8 26.74 †
tEME-EE’ 282,27–271,26 253 307.713 161.0 12.42 ... ... 0.12 13CH3OH
tEME-EE 282,27–271,26 253 307.713 161.0 12.42 †
tEME-AE 282,27–271,26 253 307.800 161.0 12.42 †
tEME-EA 282,27–271,26 253 308.856 161.0 12.42 †
tEME-AA 282,27–271,26 253 308.943 161.0 12.42 †
tEME-EE 55,0–44,0 255 923.090 34.6 4.50 255 923.1 0.42 0.29 CH3CH2CN
tEME-EE’ 55,1–44,1 255 923.151 34.6 4.50 †
tEME-EE’ 55,0–44,0 255 923.293 34.6 4.50 †
tEME-EE 55,1–44,1 255 923.354 34.6 4.50 †
tEME-AE 55,0–44,0 255 923.648 34.6 4.50 †
tEME-AE 55,1–44,1 255 923.709 34.6 4.50 †
tEME-EA 55,1–44,1 255 926.362 34.6 4.50 255 926.5 0.37 0.20 SO2
tEME-EA 55,0–44,0 255 926.565 34.6 4.50 †
tEME-AA 55,1–44,0 255 926.920 34.6 4.50 †
tEME-AA 55,0–44,1 255 926.920 34.6 4.50 †
tEME-AA 341,33–332,32 256 180.110 232.7 17.54 256 180.5 0.28 0.11 CH3OCOH 3t = 1
tEME-EA 341,33–332,32 256 180.131 232.7 17.54 †
tEME-AE 341,33–332,32 256 180.771 232.7 17.54 †
tEME-EE 341,33–332,32 256 180.792 232.7 17.54 †
tEME-EE’ 341,33–332,32 256 180.792 232.7 17.54 †
tEME-EA 114,8–103,7 256 265.991 43.9 2.59 ... ... 0.10 SO2
tEME-AA 114,8–103,7 256 267.169 43.9 4.68 †
tEME-EE 114,7–103,7 256 267.504 43.9 3.09 †
tEME-EA 114,7–103,7 256 267.843 43.9 2.09 †
tEME-AE 114,8–103,8 256 280.321 43.9 3.24 ... ... 0.07 CH3OCOH 3t = 1
tEME-EE 114,8–103,8 256 280.554 43.9 3.09 †
tEME-AE 114,7–103,8 256 290.759 43.9 1.44 ... ... 0.07 CH3CCH
tEME-EE’ 114,7–103,8 256 291.611 43.9 1.30 †
tEME-EA 330,33–321,32 258 126.741 213.2 27.74 ... ... 0.29 CH3CN 38 = 1, CH3OCOH
tEME-AA 330,33–321,32 258 126.744 213.2 27.74 †
tEME-EE 330,33–321,32 258 126.784 213.2 27.74 †
tEME-EE’ 330,33–321,32 258 126.784 213.2 27.74 †
tEME-AE 330,33–321,32 258 126.787 213.2 27.74 †
tEME-EE’ 292,28–281,27 258 936.835 172.1 13.24 ... ... 0.12 SO2
tEME-EE 292,28–281,27 258 936.835 172.1 13.24 †
tEME-AE 292,28–281,27 258 936.915 172.1 13.24 †
tEME-EA 292,28–281,27 258 937.931 172.1 13.24 †
tEME-AA 292,28–281,27 258 938.012 172.1 13.24 †
tEME-EE’ 183,16–172,15 259 109.696 76.5 5.39 ... ... 0.11 CH3OCOH
tEME-EE 183,16–172,15 259 109.717 76.5 5.39 †
tEME-AE 183,16–172,15 259 109.992 76.5 5.39 †
tEME-EA 183,16–172,15 259 112.236 76.5 5.39 ... ... 0.08 CH3OCOH
tEME-AA 183,16–172,15 259 112.522 76.5 5.39 †
tEME-EE 173,14–162,15 259 135.164 69.5 4.97 ... ... 0.11 CH3OCOH
tEME-EE’ 173,14–162,15 259 135.193 69.5 4.97 †
tEME-AE 173,14–162,15 259 135.477 69.5 4.97 †
tEME-EA 173,14–162,15 259 137.561 69.5 4.97 ... ... 0.08 CH3OCOH
tEME-AA 173,14–162,15 259 137.860 69.5 4.97 †
tEME-EE 192,17–181,18 260 106.865 78.5 2.13 ... ... 0.05 CH3CH2OH
tEME-EE’ 192,17–181,18 260 106.865 78.5 2.13 †
tEME-AE 192,17–181,18 260 107.129 78.5 2.13 †
tEME-EA 192,17–181,18 260 108.541 78.5 2.13 ... ... 0.05 CH3CH2OH
tEME-AA 192,17–181,18 260 108.805 78.5 2.13 †
tEME-EE’ 331,33–320,32 260 393.451 213.3 27.76 ... ... 0.29 CH3OCOH
tEME-EE 331,33–320,32 260 393.451 213.3 27.76 †
tEME-AE 331,33–320,32 260 393.460 213.3 27.76 †
tEME-EA 331,33–320,32 260 393.552 213.3 27.76 †
tEME-AA 331,33–320,32 260 393.560 213.3 27.76 †
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EE’ 406,35–405,36 260 504.644 358.5 20.96 ... ... SiO
tEME-EE 406,35–405,36 260 505.033 358.5 21.22 †
tEME-AE 406,35–405,36 260 505.210 358.5 21.10 †
tEME-EA 406,35–405,36 260 507.959 358.5 21.43 †
tEME-AA 406,35–405,36 260 508.333 358.5 21.45 †
tEME-EE 386,32–385,33 260 681.821 327.9 19.53 ... ... 0.03 CH3CH2CN
tEME-AE 386,32–385,33 260 682.506 327.9 19.20 †
tEME-EE’ 386,32–385,33 260 682.515 327.9 18.84 †
tEME-EA 386,32–385,33 260 683.965 327.9 20.17 †
tEME-AA 386,32–385,33 260 684.291 327.9 20.22 †
tEME-EE 376,31–375,32 261 001.915 313.2 18.45 ... ... 0.03 OC34S, CH3OCOH
tEME-AE 376,31–375,32 261 002.704 313.2 17.96 †
tEME-EE’ 376,31–375,32 261 002.807 313.2 17.46 †
tEME-EE’ 386,33–385,34 261 029.561 327.9 18.84 261 030.4 0.27 0.03 CH3OCOH 3t = 1
tEME-EE 386,33–385,34 261 030.255 327.9 19.53 †
tEME-AE 386,33–385,34 261 030.302 327.9 19.20 †
tEME-EA 386,33–385,34 261 033.470 327.9 20.16 ... ... 0.03 CH3OCOH
tEME-AA 386,33–385,34 261 033.876 327.9 20.22 †
tEME-EE’ 376,32–375,33 261 270.008 313.2 17.46 ... ... 0.03 CH3CH2CN 313/321
tEME-AE 376,32–375,33 261 270.856 313.2 17.95 †
tEME-EE 376,32–375,33 261 270.899 313.2 18.45 †
tEME-AE 366,30–365,31 261 291.812 298.9 16.50 ... ... 0.04 CH3CH2OH
tEME-EE’ 366,30–365,31 261 292.008 298.9 15.92 †
tEME-EA 366,30–365,31 261 292.672 298.9 18.82 †
tEME-AA 366,30–365,31 261 292.970 298.9 19.00 †
tEME-AE 366,31–365,32 261 496.448 298.9 16.50 ... ... 0.03 CH2CN
tEME-EE 366,31–365,32 261 496.589 298.9 17.15 †
tEME-EA 366,31–365,32 261 500.259 298.9 18.82 ... ... 0.03 CH3OCOH, CH2CN
tEME-AA 366,31–365,32 261 500.719 298.9 19.00 †
tEME-EE’ 356,29–355,30 261 553.036 285.0 14.38 261 553.2 0.15 0.06 CH3O13COH 3t = 1
tEME-EA 356,29–355,30 261 553.277 285.0 18.06 †
tEME-AA 356,29–355,30 261 553.546 285.0 18.40 †
tEME-AE 356,30–355,31 261 707.095 285.0 14.94 ... ... 0.03 CH3OH
tEME-EE 356,30–355,31 261 707.325 285.0 15.65 †
tEME-EA 356,30–355,31 261 711.277 285.0 18.06 ... ... 0.03 CH3OCOH
tEME-AA 356,30–355,31 261 711.778 285.0 18.40 †
tEME-EE 346,28–345,29 261 787.091 271.4 14.12 ... ... 0.07 CH3OCOH, CH3OH, SO
tEME-AE 346,28–345,29 261 788.168 271.4 13.47 †
tEME-EA 346,28–345,29 261 788.351 271.4 17.16 †
tEME-EE’ 346,28–345,29 261 788.486 271.4 13.02 †
tEME-AA 346,28–345,29 261 788.577 271.4 17.80 †
tEME-EE’ 346,29–345,30 261 901.878 271.4 13.02 ... ... 0.03 CH3OCH3, CH3COCH3
tEME-AE 346,29–345,30 261 902.977 271.4 13.47 †
tEME-EE 346,29–345,30 261 903.273 271.4 14.12 †
tEME-EA 346,29–345,30 261 907.508 271.4 17.16 ... ... 0.03 CH3OCH3, CH3COCH3
tEME-AA 346,29–345,30 261 908.064 271.4 17.80 †
tEME-EA 336,27–335,29 262 000.261 258.3 16.05 ... ... 0.08 CCH
tEME-AE 336,27–335,29 262 000.337 258.3 12.24 †
tEME-AA 336,27–335,29 262 000.424 258.3 17.21 †
tEME-EE’ 336,27–335,29 262 000.673 258.3 11.95 †
tEME-AE 336,27–335,29 262 084.400 258.3 12.24 ... ... 0.03 CH3OCOH
tEME-EE 336,27–335,29 262 084.731 258.3 12.72 †
tEME-EA 336,27–335,29 262 089.211 258.3 16.05 ... ... 0.03 CH3OCOH
tEME-AA 336,27–335,29 262 089.841 258.3 17.21 †
tEME-EA 326,27–325,28 262 191.119 245.5 14.67 ... ... 0.08 CH3CH2CN
tEME-AA 326,26–325,28 262 191.200 245.5 16.62 †
tEME-AE 326,26–325,28 262 191.354 245.5 11.34 †
tEME-EE’ 326,26–325,28 262 191.682 245.5 11.22 †
tEME-AE 326,27–325,28 262 251.766 245.5 11.34 ... ... 0.04 SO2
tEME-EE 326,27–325,28 262 252.104 245.5 11.61 †
tEME-EA 326,27–325,28 262 256.756 245.5 14.67 ... ... 0.04 SO2
tEME-AA 326,27–325,28 262 257.479 245.5 16.62 †
tEME-AE 326,26–325,28 262 260.269 245.5 5.28 †
tEME-EE’ 326,26–325,28 262 260.849 245.5 5.41 †
tEME-AA 316,25–315,26 262 362.797 233.1 16.04 ... ... 0.08 CH313CH2CN
tEME-EA 316,25–315,26 262 362.814 233.1 13.11 †
tEME-AE 316,25–315,26 262 363.092 233.1 10.77 †
tEME-EE’ 316,25–315,26 262 363.388 233.1 10.80 †
tEME-EE’ 316,26–315,27 262 404.436 233.1 10.80 ... ... 0.04 13CH3OCOH 3t = 1
tEME-AE 316,26–315,27 262 405.547 233.1 10.77 †
tEME-EE 316,25–315,27 262 405.867 233.1 10.84 †
tEME-EA 316,26–315,27 262 410.601 233.1 13.11 ... ... 0.04 13CH3OCOH 3t = 1
tEME-AA 316,26–315,27 262 411.432 233.1 16.04 †
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Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EA 306,25–305,25 262 515.014 221.2 3.88 ... ... 0.09 U-line
tEME-EE 306,24–305,25 262 516.140 221.2 10.39 †
tEME-AA 306,24–305,25 262 516.918 221.2 15.45 †
tEME-EA 306,24–305,25 262 517.034 221.2 11.57 †
tEME-AE 306,24–305,25 262 517.242 221.2 10.51 †
tEME-EE’ 306,24–305,25 262 517.483 221.2 10.68 †
tEME-EE’ 306,25–305,26 262 545.215 221.2 10.68 ... ... 0.04 H2CCO
tEME-AE 306,25–305,26 262 546.281 221.2 10.51 †
tEME-EE 306,25–305,26 262 546.558 221.2 10.39 †
tEME-EA 306,25–305,26 262 551.283 221.2 11.57 ... ... 0.04 H2CCO
tEME-AA 306,25–305,26 262 552.224 221.2 15.45 †
tEME-EE 306,24–305,26 262 553.207 221.2 5.06 †
tEME-EA 306,24–305,26 262 553.303 221.2 3.88 †
tEME-EE 296,23–295,24 262 654.283 209.6 10.25 ... ... 0.10 CH3COCH3
tEME-AA 296,23–295,24 262 655.095 209.6 14.87 †
tEME-EA 296,23–295,24 262 655.300 209.6 10.29 †
tEME-AE 296,23–295,24 262 655.326 209.6 10.53 †
tEME-EE’ 296,23–295,24 262 655.485 209.6 10.83 †
tEME-EE’ 296,24–295,25 262 673.561 209.6 10.83 ... ... 0.05 HC13CCN
tEME-AE 296,24–295,25 262 674.556 209.6 10.53 †
tEME-EE 296,24–295,25 262 674.763 209.6 10.25 †
tEME-EA 296,24–295,25 262 679.394 209.6 10.29 ... ... 0.04 HC13CCN
tEME-AA 296,24–295,25 262 680.434 209.6 14.87 †
tEME-EA 296,23–295,25 262 681.315 209.6 4.58 †
tEME-EE 296,23–295,25 262 681.410 209.6 4.63 †
tEME-EA 286,23–285,23 262 777.103 198.3 4.94 ... ... 0.10 CH3OCH3
tEME-EE 286,22–285,23 262 777.763 198.3 10.37 †
tEME-AA 286,22–285,23 262 778.714 198.3 14.30 †
tEME-AE 286,22–285,23 262 778.719 198.3 10.78 †
tEME-EE’ 286,22–285,23 262 778.771 198.3 11.17 †
tEME-EA 286,22–285,23 262 778.988 198.3 9.35 †
tEME-EE’ 286,23–285,24 262 790.103 198.3 11.17 262 791.0 0.25 0.05 U-line
tEME-AE 286,23–285,24 262 791.000 198.3 10.78 †
tEME-EE 286,23–285,24 262 791.111 198.3 10.37 †
tEME-EA 286,23–285,24 262 795.561 198.3 9.35 ... ... 0.04 CH2OHCHO
tEME-AA 286,23–285,24 262 796.681 198.3 14.30 †
tEME-EA 286,22–285,24 262 797.446 198.3 4.94 †
tEME-EE 286,22–285,24 262 797.772 198.3 3.92 †
tEME-EA 276,22–275,22 262 887.474 187.5 4.97 ... ... 0.10 CH3COOH, CH3OCH3
tEME-EE 276,21–275,22 262 887.831 187.5 10.70 †
tEME-EE’ 276,21–275,22 262 888.603 187.5 11.58 †
tEME-AE 276,21–275,22 262 888.676 187.5 11.18 †
tEME-AA 276,21–275,22 262 889.035 187.5 13.72 †
tEME-EA 276,21–275,22 262 889.353 187.5 8.75 †
tEME-EE’ 276,22–275,23 262 895.483 187.5 11.58 ... ... 0.07 CH3OCH3
tEME-EE 276,22–275,23 262 896.256 187.5 10.70 †
tEME-AE 276,22–275,23 262 896.265 187.5 11.18 †
tEME-EA 276,22–275,23 262 900.436 187.5 8.75 ... ... 0.05 CH3COOH
tEME-AA 276,22–275,23 262 901.609 187.5 13.72 †
tEME-EA 276,21–275,23 262 902.316 187.5 4.97 †
tEME-EE 276,21–275,23 262 902.939 187.5 3.02 †
tEME-EE 266,20–265,21 262 985.638 177.1 11.11 ... ... 0.10 CH318OH
tEME-EA 266,21–265,21 262 985.653 177.1 4.68 †
tEME-EE’ 266,20–265,21 262 986.169 177.1 11.87 †
tEME-AE 266,20–265,21 262 986.363 177.1 11.54 †
tEME-AA 266,20–265,21 262 987.205 177.1 13.15 †
tEME-EA 266,20–265,21 262 987.541 177.1 8.47 †
tEME-EE’ 266,21–265,22 262 990.328 177.1 11.87 ... ... 0.09 CH318OH
tEME-EE 266,21–265,22 262 990.859 177.1 11.11 †
tEME-AE 266,21–265,22 262 990.997 177.1 11.54 †
tEME-EA 266,21–265,22 262 994.684 177.1 8.47 ... ... 0.05 SO2 32 = 1
tEME-AA 266,21–265,22 262 995.883 177.1 13.15 †
tEME-EA 266,20–265,22 262 996.572 177.1 4.68 †
tEME-EE 266,20–265,22 262 997.567 177.1 2.04 †
tEME-EE 256,19–255,20 263 072.263 167.0 11.39 ... ... 0.11 U-line
tEME-EE’ 256,19–255,20 263 072.594 167.0 11.92 †
tEME-EA 256,20–255,20 263 072.699 167.0 4.12 †
tEME-AE 256,19–255,20 263 072.885 167.0 11.70 †
tEME-AA 256,19–255,20 263 074.277 167.0 12.58 ... ... 0.11 U-line
tEME-EA 256,19–255,20 263 074.602 167.0 8.46 †
tEME-EE’ 256,20–255,21 263 075.234 167.0 11.92 †
tEME-EE 256,20–255,21 263 075.564 167.0 11.39 †
tEME-AE 256,20–255,21 263 075.815 167.0 11.70 †
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Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EA 256,20–255,21 263 078.980 167.0 8.46 ... ... 0.05 U-line
tEME-AA 256,20–255,21 263 080.176 167.0 12.58 †
tEME-EE 246,19–245,19 263 141.974 157.4 0.60 263 149.1 0.44 0.11 CH3O13COH,CH3OCOD
tEME-EE 246,18–245,19 263 148.731 157.4 11.41 †
tEME-EE’ 246,18–245,19 263 148.928 157.4 11.70 †
tEME-AE 246,18–245,19 263 149.281 157.4 11.59 †
tEME-EA 246,19–245,19 263 149.579 157.4 3.30 †
tEME-EE’ 246,19–245,20 263 150.791 157.4 11.70 263 151.0 0.58 0.20 CH3O13COH,CH3OCOD
tEME-EE 246,19–245,20 263 150.988 157.4 11.41 †
tEME-AA 246,18–245,19 263 151.216 157.4 12.01 †
tEME-AE 246,19–245,20 263 151.318 157.4 11.59 †
tEME-EA 246,18–245,19 263 151.498 157.4 8.71 †
tEME-EA 246,19–245,20 263 153.999 157.4 8.71 †
tEME-AA 246,19–245,20 263 155.161 157.4 12.01 263 155.2 0.25 0.05 CH3OCOD
tEME-EA 246,18–245,20 263 155.918 157.4 3.30 †
tEME-EE 236,17–235,18 263 215.996 148.1 11.17 263 216.3 0.58 0.14 SO2
tEME-EE’ 236,17–235,18 263 216.118 148.1 11.31 †
tEME-AE 236,17–235,18 263 216.506 148.1 11.26 †
tEME-EA 236,18–235,18 263 217.183 148.1 2.31 263 217.8 0.59 0.14 SO2
tEME-EE’ 236,18–235,19 263 217.615 148.1 11.31 †
tEME-EE 236,18–235,19 263 217.736 148.1 11.17 †
tEME-AE 236,18–235,19 263 218.114 148.1 11.26 †
tEME-AA 236,17–235,18 263 218.914 148.1 11.44 †
tEME-EA 236,17–235,18 263 219.118 148.1 9.14 †
tEME-EA 236,18–235,19 263 220.415 148.1 9.14 ... ... 0.05 SO2
tEME-AA 236,18–235,19 263 221.507 148.1 11.44 †
tEME-EA 236,17–235,19 263 222.351 148.1 2.31 †
tEME-EE 226,16–225,17 263 274.922 139.2 10.76 ... ... 0.14 CH3OCH3
tEME-EE’ 226,16–225,17 263 275.007 139.2 10.82 †
tEME-AE 226,16–225,17 263 275.415 139.2 10.80 †
tEME-EA 226,17–225,17 263 276.341 139.2 1.34 †
tEME-EE’ 226,17–225,18 263 276.343 139.2 10.82 †
tEME-EE 226,17–225,18 263 276.429 139.2 10.76 †
tEME-AE 226,17–225,18 263 276.831 139.2 10.80 †
tEME-AA 226,16–225,17 263 278.199 139.2 10.88 ... ... 0.11 CH3OCH3
tEME-EA 226,16–225,17 263 278.292 139.2 9.53 †
tEME-EA 226,17–225,18 263 278.882 139.2 9.53 †
tEME-AA 226,17–225,18 263 279.871 139.2 10.88 †
tEME-EE 216,15–215,16 263 326.288 130.7 10.27 263 326.7 0.42 0.14 HC3N 37 = 1, CH3COCH3
tEME-EE’ 216,15–215,16 263 326.357 130.7 10.29 †
tEME-AE 216,15–215,16 263 326.775 130.7 10.28 †
tEME-EE’ 216,16–215,17 263 327.628 130.7 10.29 263 327.4 0.51 0.14 HC3N 37 = 1, CH3COCH3
tEME-EE 216,16–215,17 263 327.697 130.7 10.27 †
tEME-EA 216,16–215,16 263 327.838 130.7 .64 †
tEME-AE 216,16–215,17 263 328.113 130.7 10.28 †
tEME-EA 216,15–215,16 263 329.805 130.7 9.67 263 329.9 0.74 0.30 HC3N 37 = 1, CH3COCH3
tEME-AA 216,15–215,16 263 329.839 130.7 10.31 †
tEME-EA 216,16–215,17 263 330.025 130.7 9.67 †
tEME-AA 216,16–215,17 263 330.894 130.7 10.31 †
tEME-EE 206,14–205,15 263 370.802 122.6 9.73 263 370.7 0.51 0.16 SO18O, CH3OCOH
tEME-EE’ 206,14–205,15 263 370.865 122.6 9.74 †
tEME-AE 206,14–205,15 263 371.289 122.6 9.73 †
tEME-EE’ 206,15–205,16 263 372.112 122.6 9.74 263 372.2 0.37 0.16 SO18O, CH3OCOH
tEME-EE 206,15–205,16 263 372.174 122.6 9.73 †
tEME-AE 206,15–205,16 263 372.598 122.6 9.73 †
tEME-EA 206,14–205,15 263 374.395 122.6 9.49 ... ... 0.17 SO18O, CH3OCOH
tEME-EA 206,15–205,16 263 374.447 122.6 9.49 †
tEME-AA 206,14–205,15 263 374.550 122.6 9.74 †
tEME-AA 206,15–205,16 263 375.201 122.6 9.74 †
tEME-EE 196,13–205,14 263 409.117 114.8 9.17 ... ... 0.17 CH3OCH3
tEME-EE’ 196,13–205,14 263 409.177 114.8 9.17 †
tEME-AE 196,13–205,14 263 409.605 114.8 9.17 †
tEME-EE’ 196,14–205,15 263 410.419 114.8 9.17 †
tEME-EE 196,14–205,15 263 410.479 114.8 9.17 †
tEME-AE 196,14–205,15 263 410.907 114.8 9.17 †
tEME-EA 196,14–205,15 263 412.731 114.8 9.09 ... ... 0.19 CH3OCH3
tEME-EA 196,13–205,14 263 412.749 114.8 9.09 †
tEME-AA 196,13–205,14 263 413.003 114.8 9.18 †
tEME-EE 186,12–185,13 263 441.843 107.5 8.61 ... ... 0.17 34SO2, 33SO2
tEME-EE’ 186,12–185,13 263 441.902 107.5 8.61 †
tEME-AE 186,12–185,13 263 442.334 107.5 8.61 †
tEME-EE’ 186,13–185,14 263 443.145 107.5 8.61 †
tEME-EE 186,13–185,14 263 443.204 107.5 8.61 †
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Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-AE 186,13–185,14 263 443.636 107.5 8.61 †
tEME-EA 186,13–185,14 263 445.453 107.5 8.58 ... ... 0.19 34SO2, 33SO2
tEME-EA 186,12–185,13 263 445.498 107.5 8.58 †
tEME-AA 186,12–185,13 263 445.822 107.5 8.61 †
tEME-AA 186,13–185,14 263 446.051 107.5 8.61 †
tEME-EE 176,11–175,12 263 469.553 100.5 8.04 263 469.7 0.43 0.17 CH3CH2OH
tEME-EE’ 176,11–175,12 263 469.612 100.5 8.04 †
tEME-AE 176,11–175,12 263 470.047 100.5 8.04 †
tEME-EE’ 176,12–175,13 263 470.859 100.5 8.04 †
tEME-EE 176,12–175,13 263 470.917 100.5 8.04 †
tEME-AE 176,12–175,13 263 471.352 100.5 8.04 †
tEME-EA 176,12–175,13 263 473.169 100.5 8.03 263 473.9 0.41 0.19 CH3CH2OH
tEME-EA 176,11–175,12 263 473.223 100.5 8.03 †
tEME-AA 176,11–175,12 263 473.595 100.5 8.04 †
tEME-AA 176,12–175,13 263 473.725 100.5 8.04 †
tEME-EE 166,10–165,11 263 492.786 94.0 7.46 263 492.9 0.26 0.17 CH3OCH3
tEME-EE’ 166,10–165,11 263 492.845 94.0 7.46 †
tEME-AE 166,10–165,11 263 493.283 94.0 7.46 †
tEME-EE’ 166,11–165,12 263 494.096 94.0 7.46 263 494.2 0.33 0.17 CH3OCH3
tEME-EE 166,11–165,12 263 494.155 94.0 7.46 †
tEME-AE 166,11–165,12 263 494.592 94.0 7.46 †
tEME-EA 166,11–165,12 263 496.411 94.0 7.46 263 496.6 0.55 0.19 CH3OCH3
tEME-EA 166,10–165,11 263 496.468 94.0 7.46 †
tEME-AA 166,10–165,11 263 496.871 94.0 7.46 †
tEME-AA 166,11–165,12 263 496.942 94.0 7.46 †
tEME-EE 156,9–155,10 263 512.049 87.8 6.89 ... ... 0.17 CH3OCH3
tEME-EE’ 156,9–155,10 263 512.108 87.8 6.89 †
tEME-AE 156,9–155,10 263 512.548 87.8 6.89 †
tEME-EE’ 156,10–155,11 263 513.363 87.8 6.89 ... ... 0.17 CH3OCH3
tEME-EE 156,10–155,11 263 513.422 87.8 6.89 †
tEME-AE 156,10–155,10 263 513.862 87.8 6.89 †
tEME-EA 156,10–155,11 263 515.683 87.8 6.88 ... ... 0.19 CH3CH2CN
tEME-EA 156,9–155,10 263 515.742 87.8 6.88 †
tEME-AA 156,9–155,10 263 516.163 87.8 6.89 †
tEME-AA 156,10–155,11 263 516.200 87.8 6.89 †
tEME-EE 146,8–145,9 263 527.818 82.0 6.30 ... ... 0.16 CH3OCH3, CH3CH2CN
tEME-EE’ 146,8–145,9 263 527.877 82.0 6.30 †
tEME-AE 146,8–145,9 263 528.319 82.0 6.30 †
tEME-EE’ 146,9–145,10 263 529.136 82.0 6.30 †
tEME-EE 146,9–145,10 263 529.195 82.0 6.30 †
tEME-AE 146,9–145,10 263 529.637 82.0 6.30 †
tEME-EA 146,9–145,10 263 531.461 82.0 6.30 ... ... 0.18 CH3OCH3
tEME-EA 146,8–145,9 263 531.520 82.0 6.30 †
tEME-AA 146,8–145,9 263 531.953 82.0 6.30 †
tEME-AA 146,9–145,10 263 531.971 82.0 6.30 †
tEME-EE 136,7–135,8 263 540.536 76.6 5.71 ... ... 0.15 NH2CHO, SO2
tEME-EE’ 136,7–135,8 263 540.595 76.6 5.71 †
tEME-AE 136,7–135,8 263 541.040 76.6 5.71 †
tEME-EE’ 136,8–135,9 263 541.858 76.6 5.71 †
tEME-EE 136,8–135,9 263 541.917 76.6 5.71 †
tEME-AE 136,8–135,9 263 542.362 76.6 5.71 †
tEME-EA 136,8–135,9 263 544.188 76.6 5.71 ... ... 0.18 NH2CHO, SO2
tEME-EA 136,7–135,8 263 544.247 76.6 5.71 †
tEME-AA 136,7–135,8 263 544.687 76.6 5.71 †
tEME-AA 136,8–135,9 263 544.696 76.6 5.71 †
tEME-EE 126,6–125,7 263 550.619 71.5 5.11 ... ... 0.14 SO2
tEME-EE’ 126,6–125,7 263 550.679 71.5 5.11 †
tEME-AE 126,6–125,7 263 551.125 71.5 5.11 †
tEME-EE’ 126,7–125,8 263 551.945 71.5 5.11 †
tEME-EE 126,7–125,8 263 552.004 71.5 5.11 †
tEME-AE 126,7–125,8 263 552.451 71.5 5.11 †
tEME-EA 126,7–125,8 263 554.279 71.5 5.11 ... ... 0.16 SO2
tEME-EA 126,6–125,7 263 554.338 71.5 5.11 †
tEME-AA 126,6–125,7 263 554.783 71.5 5.11 †
tEME-AA 126,7–125,8 263 554.787 71.5 5.11 †
tEME-EE 116,5–115,6 263 558.451 66.9 4.49 ... ... 0.13 SO2
tEME-EE’ 116,5–115,6 263 558.511 66.9 4.49 †
tEME-AE 116,5–115,6 263 558.959 66.9 4.49 †
tEME-EE’ 116,6–115,7 263 559.780 66.9 4.49 ... ... 0.13 SO2
tEME-EE 116,6–115,7 263 559.839 66.9 4.49 †
tEME-AE 116,6–115,7 263 560.288 66.9 4.49 †
tEME-EA 116,6–115,7 263 562.118 66.9 4.49 ... ... 0.15 SO2
tEME-EA 116,5–115,6 263 562.178 66.9 4.49 †
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Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-AA 116,5–115,6 263 562.626 66.9 4.49 †
tEME-AA 116,6–115,7 263 562.627 66.9 4.49 †
tEME-EE 106,4–105,5 263 564.386 62.7 3.85 ... ... 0.11 SO2
tEME-EE’ 106,4–105,5 263 564.446 62.7 3.85 †
tEME-AE 106,4–105,5 263 564.897 62.7 3.85 †
tEME-EE’ 106,5–105,6 263 565.718 62.7 3.85 ... ... 0.11 SO2
tEME-EE 106,5–105,6 263 565.777 62.7 3.85 †
tEME-AE 106,5–105,6 263 566.228 62.7 3.85 †
tEME-EA 106,5–105,6 263 568.061 62.7 3.85 ... ... 0.21 SO2
tEME-EA 106,4–105,5 263 568.120 62.7 3.85 †
tEME-AA 106,4–105,5 263 568.570 62.7 3.85 †
tEME-AA 106,5–105,6 263 568.571 62.7 3.85 †
tEME-EE 96,3–95,4 263 568.750 58.8 3.19 †
tEME-EE’ 96,3–95,4 263 568.810 58.8 3.19 †
tEME-AE 96,3–95,4 263 569.262 58.8 3.19 †
tEME-EE’ 96,4–95,5 263 570.083 58.8 3.19 †
tEME-EE 96,4–95,5 263 570.143 58.8 3.19 †
tEME-AE 96,4–95,5 263 570.595 58.8 3.19 †
tEME-AE 86,2–85,3 263 572.350 55.3 2.50 263 572.9 0.47 0.20 CH3OCH3, HNCO
tEME-EA 96,4–95,5 263 572.430 58.8 3.19 †
tEME-EA 96,3–95,4 263 572.490 58.8 3.19 †
tEME-AA 96,3–95,4 263 572.942 58.8 3.19 †
tEME-AA 96,4–95,5 263 572.942 58.8 3.19 †
tEME-EE’ 86,3–85,4 263 573.172 55.3 2.50 †
tEME-EE 86,3–85,4 263 573.232 55.3 2.50 †
tEME-AE 86,3–85,4 263 573.685 55.3 2.50 †
tEME-EE 76,1–75,2 263 573.911 52.2 1.75 †
tEME-EE’ 76,1–75,2 263 573.972 52.2 1.75 †
tEME-AE 76,1–75,2 263 574.426 52.2 1.75 †
tEME-EE 66,0–65,1 263 575.211 49.5 0.93 ... ... 0.17 CH3OCH3, HNCO
tEME-EE’ 76,2–75,3 263 575.249 52.2 1.75 †
tEME-EE’ 66,0–65,1 263 575.271 49.5 0.93 †
tEME-EE 76,2–75,3 263 575.309 52.2 1.75 †
tEME-EA 86,3–85,4 263 575.522 55.3 2.50 †
tEME-EA 86,2–85,3 263 575.582 55.3 2.50 †
tEME-AE 66,0–65,1 263 575.727 49.5 0.93 †
tEME-AE 76,2–75,3 263 575.764 52.2 1.75 †
tEME-AE 66,1–65,2 263 577.066 49.5 0.93 ... ... 0.08 CH3OCH3, HNCO
tEME-EA 76,2–75,3 263 577.602 52.2 1.75 †
tEME-EA 76,1–75,2 263 577.662 52.2 1.75 †
tEME-AA 76,1–75,2 263 578.117 52.2 1.75 †
tEME-AA 76,2–75,3 263 578.117 52.2 1.75 †
tEME-EA 66,1–65,2 263 578.906 49.5 0.93 †
tEME-EA 66,0–65,1 263 578.966 49.5 0.93 †
tEME-AA 66,0–65,1 263 579.422 49.5 0.93 †
tEME-AA 66,1–65,2 263 579.422 49.5 0.93 †
tEME-EE 65,1–54,1 263 974.290 36.9 4.57 263 974.6 0.84 0.32 CH3CH2CN 320 = 1, CH313CH2CN
tEME-EE’ 65,2–54,2 263 974.352 36.9 4.57 †
tEME-EE’ 65,1–54,1 263 974.491 36.9 4.57 †
tEME-EE 65,2–54,2 263 974.554 36.9 4.57 †
tEME-AE 65,1–54,1 263 974.847 36.9 4.57 †
tEME-AE 65,2–54,2 263 974.909 36.9 4.57 †
tEME-EA 65,2–54,2 263 977.560 36.9 4.57 263 977.9 1.19 0.21 CH3CH2CN 320 = 1, CH313CH2CN, CH3OCOH 3t = 1
tEME-EA 65,1–54,1 263 977.761 36.9 4.57 †
tEME-AA 65,2–54,1 263 978.116 36.9 4.57 †
tEME-AA 65,1–54,2 263 978.117 36.9 4.57 †
tEME-EE’ 124,9–113,8 264 279.974 48.6 1.86 ... ... 0.04 CH3CH2CN 313/321
tEME-AE 124,9–113,8 264 281.470 48.6 1.98 †
tEME-EE 124,8–113,8 264 282.160 48.6 2.11 †
tEME-EA 124,9–113,8 264 288.936 48.6 3.18 264 290.1 0.32 0.08 CH3CH2CN 313/321
tEME-AA 124,9–113,8 264 289.975 48.6 4.89 †
tEME-EE 124,8–113,8 264 290.781 48.6 2.78 †
tEME-EA 124,8–113,8 264 290.868 48.6 1.70 †
tEME-AE 124,8–113,8 264 291.901 48.6 2.91 264 292.2 0.33 0.07 CH3CH2CN 313/321
tEME-EE’ 124,8–113,8 264 292.217 48.6 3.02 †
tEME-EE’ 124,9–113,9 264 316.948 48.6 3.02 ... ... 0.06 CH3OH
tEME-AE 124,9–113,9 264 318.041 48.6 2.91 †
tEME-EE 124,9–113,9 264 318.385 48.6 2.78 †
tEME-EA 124,9–113,9 264 324.363 48.6 1.70 ... ... 0.10 CH3OH
tEME-AA 124,8–113,9 264 326.032 48.6 4.89 †
tEME-EA 124,8–113,9 264 326.294 48.6 3.18 †
tEME-EE 124,8–113,9 264 327.005 48.6 2.11 †
tEME-AE 124,8–113,9 264 328.472 48.6 1.98 ... ... 0.04 CH3OH
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Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EE’ 124,8–113,9 264 329.191 48.6 1.86 †
tEME-EE’ 302,29–291,28 264 623.050 183.6 14.10 ... ... 0.14 CH3CH2CN 313/321
tEME-EE 302,29–291,28 264 623.050 183.6 14.10 †
tEME-AE 302,29–291,28 264 623.125 183.6 14.10 †
tEME-EA 302,29–291,28 264 624.097 183.6 14.10 †
tEME-AA 302,29–291,28 264 624.172 183.6 14.10 †
tEME-AA 351,34–342,33 265 627.614 246.2 18.59 ... ... 0.13 CH3COOCH3
tEME-EA 351,34–342,33 265 627.630 246.2 18.59 †
tEME-AE 351,34–342,33 265 628.218 246.2 18.59 †
tEME-EE 351,34–342,33 265 628.234 246.2 18.59 †
tEME-EE’ 351,34–342,33 265 628.234 246.2 18.59 †
tEME-EE’ 193,17–182,16 265 859.733 83.8 5.59 ... ... 0.13 HCN
tEME-EE 193,17–182,16 265 859.748 83.8 5.59 †
tEME-AE 193,17–182,16 265 860.022 83.8 5.59 †
tEME-EA 193,17–182,16 265 862.261 83.8 5.59 ... ... 0.09 HCN
tEME-AA 193,17–182,16 265 862.543 83.8 5.59 †
tEME-EA 340,34–331,33 266 065.053 226.0 28.77 ... ... 0.28 CH3COCH3
tEME-AA 340,34–331,33 266 065.056 226.0 28.77 †
tEME-EE 340,34–331,33 266 065.087 226.0 28.77 †
tEME-EE’ 340,34–331,33 266 065.087 226.0 28.77 †
tEME-AE 340,34–331,33 266 065.091 226.0 28.77 †
tEME-EE 183,15–172,16 267 851.372 76.5 5.09 267 851.6 0.71 0.13 CH3OCOH 3t = 2
tEME-EE’ 183,15–172,16 267 851.394 76.5 5.09 †
tEME-AE 183,15–172,16 267 851.682 76.5 5.09 †
tEME-EA 183,15–172,16 267 853.764 76.5 5.09 ... ... 0.09 CH3OCOH 3t = 2
tEME-AA 183,15–172,16 267 854.063 76.5 5.09 †
tEME-EE’ 341,34–330,33 267 994.638 226.1 28.78 267 994.7 0.95 0.28 CH3OCOH 3t = 2, CH3CH2CN
tEME-EE 341,34–330,33 267 994.638 226.1 28.78 †
tEME-AE 341,34–330,33 267 994.646 226.1 28.78 †
tEME-EA 341,34–330,33 267 994.729 226.1 28.78 †
tEME-AA 341,34–330,33 267 994.737 226.1 28.78 †
tEME-EE’ 312,30–301,29 270 379.929 195.5 14.99 270 380.3 0.21 0.15
tEME-EE 312,30–301,29 270 379.929 195.5 14.99 †
tEME-AE 312,30–301,29 270 379.998 195.5 14.99 †
tEME-EA 312,30–301,29 270 380.924 195.5 14.99 †
tEME-AA 312,30–301,29 270 380.993 195.5 14.99 †
tEME-EE 75,2–64,2 272 025.103 39.6 4.70 272 025.5 1.10 0.35 CH3CH2CN 313/321
tEME-EE’ 75,3–64,3 272 025.167 39.6 4.70 †
tEME-EE’ 75,2–64,2 272 025.304 39.6 4.70 †
tEME-EE 75,3–64,3 272 025.368 39.6 4.70 †
tEME-AE 75,2–64,2 272 025.659 39.6 4.70 †
tEME-AE 75,3–64,3 272 025.723 39.6 4.70 †
tEME-EA 75,3–64,3 272 028.370 39.6 4.70 272 028.6 0.59 0.23 CH3CH2CN 313/321
tEME-EA 75,2–64,2 272 028.571 39.6 4.70 †
tEME-AA 75,3–64,2 272 028.925 39.6 4.70 †
tEME-AA 75,2–64,3 272 028.927 39.6 4.70 †
tEME-EE’ 134,10–123,9 272 291.842 53.6 2.35 272 292.1 0.21 0.03 U-line
tEME-AE 134,10–123,9 272 293.250 53.6 2.46 272 293.6 0.26 0.05 U-line
tEME-EE 134,10–123,9 272 293.863 53.6 2.58 †
tEME-EA 134,10–123,9 272 300.368 53.6 3.94 272 301.0 0.18 0.08 CH3OCOH
tEME-AA 134,10–123,9 272 301.238 53.6 5.09 †
tEME-EE 134,9–123,9 272 302.533 53.6 2.51 †
tEME-EA 134,9–123,9 272 302.564 53.6 1.15 †
tEME-AE 134,9–123,9 272 303.710 53.6 2.64 272 303.9 0.24 0.07 CH3CH2CN 320 = 1
tEME-EE’ 134,9–123,9 272 304.098 53.6 2.74 †
tEME-EE’ 134,10–123,10 272 351.722 53.6 2.74 ... ... 0.06 CH3OH, CH3OD
tEME-AE 134,10–123,10 272 352.884 53.6 2.63 †
tEME-EE 134,10–123,10 272 353.288 53.6 2.51 †
tEME-EA 134,10–123,10 272 359.310 53.6 1.15 ... ... 0.13 CH3OH, CH3OD
tEME-AA 134,9–123,10 272 361.410 53.6 5.09 †
tEME-EA 134,9–123,10 272 361.506 53.6 3.94 †
tEME-EE 134,9–123,10 272 361.957 53.6 2.58 †
tEME-AE 134,9–123,10 272 363.344 53.6 2.46 ... ... 0.05 CH3OH, CH3OD
tEME-EE’ 134,9–123,10 272 363.978 53.6 2.35 †
tEME-EE’ 203,18–192,17 272 432.754 91.6 5.79 272 433.0 0.33 0.14 U-line
tEME-EE 203,18–192,17 272 432.765 91.6 5.79 †
tEME-AE 203,18–192,17 272 433.037 91.6 5.79 †
tEME-EA 203,18–192,17 272 435.273 91.6 5.79 272 435.7 0.35 0.09 U-line
tEME-AA 203,18–192,17 272 435.550 91.6 5.79 †
tEME-AA 402,38–393,37 272 596.983 325.0 12.66 ... ... 0.03 U-line
tEME-EA 402,38–393,37 272 597.055 325.0 12.66 †
tEME-AE 402,38–393,37 272 598.688 325.0 12.66 †
tEME-EE 402,38–393,37 272 598.760 325.0 12.66 †
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Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EE’ 402,38–393,37 272 598.760 325.0 12.66 †
tEME-EE 202,18–191,19 273 141.137 86.3 2.00 ... ... 0.05 CH3OCOH
tEME-EE’ 202,18–191,19 273 141.138 86.3 2.00 †
tEME-AE 202,18–191,19 273 141.411 86.3 2.00 †
tEME-EA 202,18–191,19 273 142.818 86.3 2.00 ... ... 0.03 CH3OCOH
tEME-AA 202,18–191,19 273 143.092 86.3 2.00 †
tEME-EA 350,35–341,34 273 979.063 239.2 29.79 273 979.1 0.73 0.28 CH3CH2CN, SO2
tEME-AA 350,35–341,34 273 979.067 239.2 29.79 †
tEME-EE 350,35–341,34 273 979.089 239.2 29.79 †
tEME-EE’ 350,35–341,34 273 979.089 239.2 29.79 †
tEME-AE 350,35–341,34 273 979.093 239.2 29.79 †
tEME-AA 361,35–352,34 274 946.543 260.0 19.65 274 946.9 0.57 0.14 CH3OCOH 3t = 1, H2CS
tEME-EA 361,35–352,34 274 946.555 260.0 19.65 †
tEME-AE 361,35–352,34 274 947.090 260.0 19.65 †
tEME-EE 361,35–352,34 274 947.102 260.0 19.65 †
tEME-EE’ 361,35–352,34 274 947.102 260.0 19.65 †
tEME-EE’ 351,35–340,34 275 618.927 239.3 29.80 275 618.9 0.22 0.28
tEME-EE 351,35–340,34 275 618.927 239.3 29.80 †
tEME-AE 351,35–340,34 275 618.934 239.3 29.80 †
tEME-EA 351,35–340,34 275 619.009 239.3 29.80 †
tEME-AA 351,35–340,34 275 619.016 239.3 29.80 †
tEME-EE’ 322,31–311,30 276 219.631 207.8 15.92 276 219.6 0.34 0.15 13CH3OCOH
tEME-EE 322,31–311,30 276 219.631 207.8 15.92 †
tEME-AE 322,31–311,30 276 219.695 207.8 15.92 †
tEME-EA 322,31–311,30 276 220.573 207.8 15.92 †
tEME-AA 322,31–311,30 276 220.637 207.8 15.92 †
tEME-EE 193,16–182,17 276 700.152 83.9 5.20 276 700.3 0.29 0.13 CH3CN 38 = 1, CH3OH
tEME-EE’ 193,16–182,17 276 700.167 83.9 5.20 †
tEME-AE 193,16–182,17 276 700.458 83.9 5.20 †
tEME-EA 193,16–182,17 276 702.533 83.9 5.20 276 702.5 0.34 0.08 CH3CN 38 = 1, CH3OH
tEME-AA 193,16–182,17 276 702.832 83.9 5.20 †
tEME-EE’ 213,19–202,18 278 825.580 99.7 6.00 278 825.7 0.39 0.14 CH3CH2CN, CH3CH2CN 320 = 1, CH313CH2CN
tEME-EE 213,19–202,18 278 825.588 99.7 6.00 †
tEME-AE 213,19–202,18 278 825.856 99.7 6.00 †
tEME-EA 213,19–202,18 278 828.090 99.7 6.00 278 828.4 0.33 0.09 CH3CH2CN, CH3CH2CN 320 = 1, CH313CH2CN
tEME-AA 213,19–202,18 278 828.362 99.7 6.00 †
tEME-EE 85,3–74,3 280 075.262 42.7 4.85 280 075.6 0.40 0.38
tEME-EE’ 85,4–74,4 280 075.328 42.7 4.85 †
tEME-EE’ 85,3–74,3 280 075.462 42.7 4.85 †
tEME-EE 85,4–74,4 280 075.527 42.7 4.85 †
tEME-AE 85,3–74,3 280 075.816 42.7 4.85 †
tEME-AE 85,4–74,4 280 075.882 42.7 4.85 †
tEME-EA 85,4–74,4 280 078.526 42.7 4.85 280 078.5 0.31 0.25
tEME-EA 85,3–74,3 280 078.726 42.7 4.85 †
tEME-AA 85,4–74,3 280 079.076 42.7 4.85 †
tEME-AA 85,3–74,4 280 079.084 42.7 4.85 †
tEME-EE’ 144,11–133,10 280 288.955 59.0 2.84 ... ... 0.07 CH3COOH 3t = 1
tEME-AE 144,11–133,10 280 290.299 59.0 2.96 †
tEME-EE 144,11–133,10 280 290.853 59.0 3.11 †
tEME-EA 144,11–133,10 280 297.013 59.0 4.69 280 297.7 0.12 0.10
tEME-AA 144,11–133,10 280 297.720 59.0 5.30 †
tEME-EE 144,10–133,10 280 299.704 59.0 2.19 280 301.1 0.10 0.06 U-line
tEME-EA 144,10–133,10 280 299.889 59.0 0.61 †
tEME-AE 144,10–133,10 280 300.898 59.0 2.34 †
tEME-EE’ 144,10–133,10 280 301.316 59.0 2.46 †
tEME-EE’ 144,11–133,11 280 383.694 59.0 2.46 280 385.0 0.11 0.06 CH3OCOH 3t = 1
tEME-AE 144,11–133,11 280 384.884 59.0 2.34 †
tEME-EE 144,11–133,11 280 385.307 59.0 2.19 †
tEME-EA 144,10–133,11 280 394.040 59.0 4.69 ... ... 0.16 CH3OCOH
tEME-AA 144,10–133,11 280 394.104 59.0 5.30 †
tEME-EE 144,10–133,11 280 394.157 59.0 3.11 †
tEME-AE 144,10–133,11 280 395.482 59.0 2.96 †
tEME-EE’ 144,10–133,11 280 396.055 59.0 2.83 †
tEME-EA 360,36–351,35 281 871.802 252.8 30.81 281 871.7 0.25 0.27 U-line
tEME-AA 360,36–351,35 281 871.806 252.8 30.81 †
tEME-EE 360,36–351,35 281 871.822 252.8 30.81 †
tEME-EE’ 360,36–351,35 281 871.822 252.8 30.81 †
tEME-AE 360,36–351,35 281 871.826 252.8 30.81 †
tEME-EE’ 332,32–321,31 282 152.573 220.4 16.88 282 153.2 0.56 0.16 HC3N 35 = 1
tEME-EE 332,32–321,31 282 152.573 220.4 16.88 †
tEME-AE 332,32–321,31 282 152.631 220.4 16.88 †
tEME-EA 332,32–321,31 282 153.461 220.4 16.88 †
tEME-AA 332,32–321,31 282 153.519 220.4 16.88 †
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EE’ 361,36–350,35 283 263.283 252.8 30.82 283 263.4 0.44 0.27 13CH3OH
tEME-EE 361,36–350,35 283 263.283 252.8 30.82 †
tEME-AE 361,36–350,35 283 263.290 252.8 30.82 †
tEME-EA 361,36–350,35 283 263.357 252.8 30.82 †
tEME-AA 361,36–350,35 283 263.364 252.8 30.82 †
tEME-AE 412,39–403,38 283 951.422 341.0 13.47 ... ... 0.03 CH3OCH3
tEME-EE 412,39–403,38 283 951.485 341.0 13.47 †
tEME-EE’ 412,39–403,38 283 951.485 341.0 13.47 †
tEME-AA 371,36–362,35 284 137.669 274.2 20.72 288 138.3 0.34 0.14 CH3OCOH 3t = 1
tEME-EA 371,36–362,35 284 137.677 274.2 20.72 †
tEME-AE 371,36–362,35 284 138.161 274.2 20.72 †
tEME-EE 371,36–362,35 284 138.169 274.2 20.72 †
tEME-EE’ 371,36–362,35 284 138.169 274.2 20.72 †
tEME-EE’ 223,20–212,19 285 037.438 108.2 6.21 ... ... 0.14 CH3CH2CN 313/321
tEME-EE 223,20–212,19 285 037.444 108.2 6.21 †
tEME-AE 223,20–212,19 285 037.708 108.2 6.21 †
tEME-EA 223,20–212,19 285 039.939 108.2 6.21 ... ... 0.09 CH3CH2CN 313/321
tEME-AA 223,20–212,19 285 040.206 108.2 6.21 †
tEME-EE 203,17–192,18 285 699.473 91.6 5.28 ... ... 0.14 SO2
tEME-EE’ 203,17–192,18 285 699.484 91.6 5.28 †
tEME-AE 203,17–192,18 285 699.777 91.6 5.28 †
tEME-EA 203,17–192,18 285 701.840 91.6 5.28 ... ... 0.10 SO2
tEME-AA 203,17–192,18 285 702.139 91.6 5.28 †
tEME-EE 212,19–201,20 286 585.825 94.5 1.86 ... ... 0.05 CH3COOH 3t = 1
tEME-EE’ 212,19–201,20 286 585.825 94.5 1.86 †
tEME-AE 212,19–201,20 286 586.110 94.5 1.86 †
tEME-EA 212,19–201,20 286 587.511 94.5 1.86 ... ... 0.03 U-line
tEME-AA 212,19–201,20 286 587.796 94.5 1.86 †
tEME-EE 95,4–84,4 288 124.443 46.1 5.02 288 124.8 0.59 0.41
tEME-EE’ 95,5–84,5 288 124.510 46.1 5.02 †
tEME-EE’ 95,4–84,4 288 124.641 46.1 5.02 †
tEME-EE 95,5–84,5 288 124.708 46.1 5.02 †
tEME-AE 95,4–84,4 288 124.995 46.1 5.02 †
tEME-AE 95,5–84,5 288 125.062 46.1 5.02 †
tEME-EA 95,5–84,5 288 127.703 46.1 5.02 ... ... 0.27 CH3OCOH
tEME-EA 95,4–84,4 288 127.901 46.1 5.02 †
tEME-AA 95,5–84,4 288 128.242 46.1 5.02 †
tEME-AA 95,4–84,5 288 128.268 46.1 5.02 †
tEME-EE’ 342,33–331,32 288 187.160 233.4 17.86 288 187.5 0.54 0.17 CH3OCOH
tEME-EE 342,33–331,32 288 187.160 233.4 17.86 †
tEME-AE 342,33–331,32 288 187.214 233.4 17.86 †
tEME-EA 342,33–331,32 288 187.993 233.4 17.86 †
tEME-AA 342,33–331,32 288 188.047 233.4 17.86 †
tEME-EE’ 154,12–143,11 288 267.539 64.8 3.40 ... ... 0.09 SO18O, CH3COCH3
tEME-AE 154,12–143,11 288 268.817 64.8 3.55 †
tEME-EE 154,12–143,11 288 269.302 64.8 3.75 †
tEME-EA 154,12–143,11 288 274.971 64.8 5.24 288 275.12 0.14 0.12 SO18O
tEME-AA 154,12–143,11 288 275.555 64.8 5.50 †
tEME-EE 154,11–143,11 288 278.681 64.8 1.75 ... ... 0.05 U-line
tEME-AE 154,11–143,11 288 279.849 64.8 1.95 †
tEME-EE’ 154,11–143,11 288 280.260 64.8 2.11 †
tEME-EE’ 154,12–143,12 288 413.150 64.8 2.11 ... ... 0.05 U-line
tEME-AE 154,12–143,12 288 414.329 64.8 1.95 †
tEME-EE 154,12–143,12 288 414.729 64.8 1.75 †
tEME-EE 154,11–143,12 288 424.108 64.8 3.75 288 424.7 0.50 0.20 CH3OC18OH
tEME-EA 154,11–143,12 288 424.469 64.8 5.24 †
tEME-AA 154,11–143,12 288 424.653 64.8 5.50 †
tEME-AE 154,11–143,12 288 425.361 64.8 3.55 †
tEME-EE’ 154,11–143,12 288 425.871 64.8 3.40 †
tEME-EA 370,37–361,36 289 745.973 266.7 31.83 289 745.8 0.49 0.26 U-line
tEME-AA 370,37–361,36 289 745.977 266.7 31.83 †
tEME-EE 370,37–361,36 289 745.986 266.7 31.83 †
tEME-EE’ 370,37–361,36 289 745.986 266.7 31.83 †
tEME-AE 370,37–361,36 289 745.991 266.7 31.83 †
tEME-EE’ 371,37–360,36 290 924.982 266.8 31.83 290 925.0 0.71 0.27 33SO2
tEME-EE 371,37–360,36 290 924.982 266.8 31.83 †
tEME-AE 371,37–360,36 290 924.989 266.8 31.83 †
tEME-EA 371,37–360,36 290 925.049 266.8 31.83 †
tEME-AA 371,37–360,36 290 925.056 266.8 31.83 †
tEME-AA 381,37–372,36 293 203.620 288.8 21.79 293 203.7 0.28 0.14
tEME-EA 381,37–372,36 293 203.624 288.8 21.79 †
tEME-AE 381,37–372,36 293 204.059 288.8 21.79 †
tEME-EE 381,37–372,36 293 204.064 288.8 21.79 †
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EE’ 381,37–372,36 293 204.064 288.8 21.79 †
tEME-EE’ 352,34–341,33 294 329.625 246.8 18.86 294 330.0 0.28 0.17
tEME-EE 352,34–341,33 294 329.625 246.8 18.86 †
tEME-AE 352,34–341,33 294 329.673 246.8 18.86 †
tEME-EA 352,34–341,33 294 330.403 246.8 18.86 †
tEME-AA 352,34–341,33 294 330.451 246.8 18.86 †
tEME-EE 213,18–202,19 294 868.623 99.8 5.34 ... ... 0.15 CH3OCOH
tEME-EE’ 213,18–202,19 294 868.631 99.8 5.34 †
tEME-AE 213,18–202,19 294 868.926 99.8 5.34 †
tEME-EE 372,36–362,35 294 869.441 274.8 36.86 †
tEME-EE’ 372,36–362,35 294 869.441 274.8 36.86 †
tEME-AE 372,36–362,35 294 869.456 274.8 36.86 †
tEME-EA 372,36–362,35 294 869.504 274.8 36.86 †
tEME-AA 372,36–362,35 294 869.519 274.8 36.86 †
tEME-EA 213,18–202,19 294 870.971 99.8 5.34 ... ... 0.10 CH3OCOH
tEME-AA 213,18–202,19 294 871.271 99.8 5.34 †
tEME-AA 422,40–413,39 295 213.922 357.4 14.32 ... ... 0.03 CH3CN 38 = 1
tEME-EA 422,40–413,39 295 213.976 357.4 14.32 †
tEME-AE 422,40–413,39 295 215.469 357.4 14.32 †
tEME-EE 422,40–413,39 295 215.522 357.4 14.32 †
tEME-EE’ 422,40–413,39 295 215.522 357.4 14.32 †
tEME-EE 105,5–94,5 296 172.265 50.0 5.20 ... ... 0.45 SO2
tEME-EE’ 105,6–94,6 296 172.333 50.0 5.20 †
tEME-EE’ 105,5–94,5 296 172.462 50.0 5.20 †
tEME-EE 105,6–94,6 296 172.530 50.0 5.20 †
tEME-AE 105,5–94,5 296 172.815 50.0 5.20 †
tEME-AE 105,6–94,6 296 172.884 50.0 5.20 †
tEME-EA 105,6–94,6 296 175.521 50.0 5.20 ... ... 0.30 SO2
tEME-EA 105,5–94,5 296 175.717 50.0 5.20 †
tEME-AA 105,6–94,5 296 176.037 50.0 5.20 †
tEME-AA 105,5–94,6 296 176.104 50.0 5.20 †
tEME-EE’ 164,13–153,12 296 223.035 71.0 4.07 296 224.2 0.49 0.11 CH3OCOH
tEME-AE 164,13–153,12 296 224.220 71.0 4.26 †
tEME-EE 164,13–153,12 296 224.598 71.0 4.49 †
tEME-EA 164,13–153,12 296 229.670 71.0 5.60 296 230.0 0.30 0.13 CH3OCOH
tEME-AA 164,13–153,12 296 230.175 71.0 5.70 †
tEME-EE 164,12–153,12 296 235.284 71.0 1.21 ... ... 0.04 CH3CH2CN 312 = 1
tEME-AE 164,12–153,12 296 236.371 71.0 1.44 †
tEME-EE’ 164,12–153,12 296 236.725 71.0 1.63 †
tEME-EE’ 164,13–153,13 296 440.645 71.0 1.63 ... ... 0.04 CH3CH2CN
tEME-AE 164,13–153,13 296 441.764 71.0 1.44 †
tEME-EE 164,13–153,13 296 442.086 71.0 1.21 †
tEME-EE 164,12–153,13 296 452.772 71.0 4.49 ... ... 0.24 CH3CH2CN
tEME-EA 164,12–153,13 296 453.716 71.0 5.59 †
tEME-AE 164,12–153,13 296 453.915 71.0 4.26 †
tEME-AA 164,12–153,13 296 453.976 71.0 5.70 †
tEME-EE’ 164,12–153,13 296 454.335 71.0 4.07 †
tEME-EE’ 243,22–232,21 296 926.193 126.4 6.66 296 926.5 0.17 0.14
tEME-EE 243,22–232,21 296 926.197 126.4 6.66 †
tEME-AE 243,22–232,21 296 926.450 126.4 6.66 †
tEME-EA 243,22–232,21 296 928.675 126.4 6.66 296 928.7 0.42 0.09 CH3OCOH 3t = 2
tEME-AA 243,22–232,21 296 928.931 126.4 6.66 †
tEME-EA 380,38–371,37 297 603.969 281.1 32.84 ... ... 0.25 CH3OCOH 3t = 2
tEME-AA 380,38–371,37 297 603.974 281.1 32.84 †
tEME-EE 380,38–371,37 297 603.978 281.1 32.84 †
tEME-EE’ 380,38–371,37 297 603.978 281.1 32.84 †
tEME-AE 380,38–371,37 297 603.982 281.1 32.84 †
tEME-EE’ 381,38–370,37 298 601.597 281.1 32.85 ... ... 0.26 SO2
tEME-EE 381,38–370,37 298 601.597 281.1 32.85 †
tEME-AE 381,38–370,37 298 601.604 281.1 32.85 †
tEME-EA 381,38–370,37 298 601.658 281.1 32.85 †
tEME-AA 381,38–370,37 298 601.665 281.1 32.85 †
tEME-EE 222,20–211,21 300 442.750 103.1 1.73 ... ... 0.05 H13CCCN 37 = 1, CH3OCOH
tEME-EE’ 222,20–211,21 300 442.750 103.1 1.73 †
tEME-AE 222,20–211,21 300 443.046 103.1 1.73 †
tEME-EA 222,20–211,21 300 444.445 103.1 1.73 ... ... 0.03 H13CCCN 37 = 1, CH3OCOH
tEME-AA 222,20–211,21 300 444.741 103.1 1.73 †
tEME-EE’ 362,35–351,34 300 583.963 260.6 19.88 300 584.4 0.25 0.17
tEME-EE 362,35–351,34 300 583.963 260.6 19.88 †
tEME-AE 362,35–351,34 300 584.008 260.6 19.88 †
tEME-EA 362,35–351,34 300 584.687 260.6 19.88 †
tEME-AA 362,35–351,34 300 584.731 260.6 19.88 †
tEME-AA 391,38–382,37 302 148.596 303.8 22.87 ... ... 0.14 SO2
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Table A.2. continued.
Species Transition Predicted Eupp S i j Observed1 Observed1 Model2 Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) TMB (K) TMB (K)
tEME-EA 391,38–382,37 302 148.597 303.8 22.87 †
tEME-AE 391,38–382,37 302 148.985 303.8 22.87 †
tEME-EE 391,38–382,37 302 148.986 303.8 22.87 †
tEME-EE’ 391,38–382,37 302 148.986 303.8 22.87 †
tEME-EE’ 253,23–242,22 302 611.864 136.1 6.91 ... ... 0.14 CH3COCH3
tEME-EE 253,23–242,22 302 611.867 136.1 6.91 †
tEME-AE 253,23–242,22 302 612.114 136.1 6.91 †
tEME-EA 253,23–242,22 302 614.334 136.1 6.91 ... ... 0.09 CH3COCH3
tEME-AA 253,23–242,22 302 614.582 136.0 6.91 †
tEME-EE’ 174,14–163,13 304 150.005 77.5 4.81 ... ... 0.14 CH2CHCN
tEME-AE 174,14–163,13 304 151.052 77.5 4.99 †
tEME-EE 174,14–163,13 304 151.281 77.5 5.19 †
tEME-EA 174,14–163,13 304 155.769 77.5 5.86 ... ... 0.14 CH2CHCN
tEME-AA 174,14–163,13 304 156.225 77.5 5.90 †
tEME-EE 115,6–104,6 304 218.289 54.3 5.39 ... ... 0.48 CH3OH
tEME-EE’ 115,7–104,7 304 218.360 54.3 5.39 †
tEME-EE’ 115,6–104,6 304 218.485 54.3 5.39 †
tEME-EE 115,7–104,7 304 218.556 54.3 5.39 †
tEME-AE 115,6–104,6 304 218.838 54.3 5.39 †
tEME-AE 115,7–104,7 304 218.909 54.3 5.39 †
tEME-EA 115,7–104,7 304 221.544 54.3 5.38 ... ... 0.32 CH3OH
tEME-EA 115,6–104,6 304 221.733 54.3 5.38 †
tEME-AA 115,7–104,6 304 222.011 54.3 5.39 †
tEME-AA 115,6–104,7 304 222.167 54.3 5.39 †
tEME-EE 223,19–212,20 304 228.127 108.3 5.38 ... ... 0.14 CH3COCH3
tEME-EE’ 223,19–212,20 304 228.133 108.3 5.38 †
tEME-AE 223,19–212,20 304 228.430 108.3 5.38 †
tEME-EA 223,19–212,20 304 230.454 108.3 5.38 ... ... 0.10 CH3COCH3
tEME-AA 223,19–212,20 304 230.754 108.3 5.38 †
tEME-EE 174,13–163,14 304 481.623 77.5 5.19 ... ... 0.25 CH3OCOH 3t = 1
tEME-AE 174,13–163,14 304 482.613 77.5 4.99 †
tEME-EE’ 174,13–163,14 304 482.900 77.5 4.81 †
tEME-EA 174,13–163,14 304 483.137 77.5 5.85 †
tEME-AA 174,13–163,14 304 483.441 77.5 5.90 †
tEME-EA 390,39–381,38 305 447.899 295.7 33.86 305 448.1 0.96 0.24 CH3CH2CN 313/321
tEME-EE 390,39–381,38 305 447.903 295.7 33.86 †
tEME-EE’ 390,39–381,38 305 447.903 295.7 33.86 †
tEME-AA 390,39–381,38 305 447.904 295.7 33.86 †
tEME-AE 390,39–381,38 305 447.908 295.7 33.86 †
tEME-EE 391,39–380,38 306 290.978 295.7 33.86 ... ... 0.24 CH3OH
tEME-EE’ 391,39–380,38 306 290.978 295.7 33.86 †
tEME-AE 391,39–380,38 306 290.985 295.7 33.86 †
tEME-EA 391,39–380,38 306 291.035 295.7 33.86 †
tEME-AA 391,39–380,38 306 291.041 295.7 33.86 †
tEME-AA 432,41–423,40 306 373.059 374.1 15.22 ... ... 0.03 CH3OCH3
tEME-EA 432,41–423,40 306 373.104 374.1 15.22 †
tEME-AE 432,41–423,40 306 374.522 374.1 15.22 †
tEME-EE 432,41–423,40 306 374.567 374.1 15.22 †
tEME-EE’ 432,41–423,40 306 374.567 374.1 15.22 †
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Table A.3. Detected lines of gauche-trans-n-CH3CH2CH2OH.
Species Transition Predicted Eupp S i j Observed T Blends/
JKa ,Kc − J′K′a ,K′c
frequency (MHz) (K) frequency (MHz) (K) Comments
Gt-n-propanol 127,6–126,6 124 417.241 58.0 4.25 124 417.1 0.04 30 m; U-line
Gt-n-propanol 127,5–126,6 124 417.256 58.0 4.89 †
Gt-n-propanol 127,6–126,7 124 418.125 58.0 4.89 124 418.2† 0.06 30 m; U-line
Gt-n-propanol 127,5–126,7 124 418.139 58.0 4.25 †
Gt-n-propanol 152,14–141,13 141 219.413 55.4 9.14 141 219.8 0.04 30 m
Gt-n-propanol 65,2–54,1 143 143.854 21.1 4.51 143 144.6 0.10 30 m; CH3CH2CN 312 = 1
Gt-n-propanol 65,1–54,1 143 143.873 21.1 4.65 †
Gt-n-propanol 65,2–54,2 143 144.406 21.1 4.65 †
Gt-n-propanol 65,1–54,2 143 144.426 21.1 4.51 †
Gt-n-propanol 87,2–76,1 200 433.919 38.9 6.49 200 434.4 0.13 30 m
Gt-n-propanol 87,1–76,1 200 433.919 38.9 6.63 †
Gt-n-propanol 87,2–76,2 200 433.920 38.9 6.63 †
Gt-n-propanol 87,1–76,2 200 433.920 38.9 6.49 †
Gt-n-propanol 2311,13–2310,13 200 508.301 181.2 8.64 200 508.8 0.07 30 m
Gt-n-propanol 2311,12–2310,13 200 508.302 181.2 10.20 †
Gt-n-propanol 2311,13–2310,14 200 508.311 181.2 10.20 †
Gt-n-propanol 2311,12–2310,14 200 508.312 181.2 8.64 †
Gt-n-propanol 97,3–86,2 209 892.537 43.0 6.54 209 892.5 0.19 30 m; CH2CHCN 311 = 1
Gt-n-propanol 97,2–86,2 209 892.538 43.0 6.78 †
Gt-n-propanol 97,3–86,3 209 892.542 43.0 6.78 †
Gt-n-propanol 97,2–86,3 209 892.542 43.0 6.54 †
Gt-n-propanol 240,24–231,23 210 248.928 127.7 22.15 210 249.1 0.17 30 m
Gt-n-propanol 241,24–231,23 210 250.060 127.7 23.86 †
Gt-n-propanol 240,24–230,23 210 250.810 127.7 23.86 210 252.8 0.16 30 m
Gt-n-propanol 241,24–230,23 210 251.942 127.7 22.15 †
Gt-n-propanol 4412,32–4411,34 210 252.224 517.3 16.71 †
Gt-n-propanol 3712,26–3711,26 215 663.302 386.2 14.57 ... ... ALMA; CH3CH2CN 313/321
Gt-n-propanol 3712,25–3711,26 215 663.793 386.2 19.40 ... ... ′′
Gt-n-propanol 3712,26–3711,27 215 663.793 386.2 19.40 ... ... ′′
Gt-n-propanol 3712,25–3711,27 215 663.793 386.2 19.40 ... ... ′′
Gt-n-propanol 3712,26–3711,27 215 672.076 386.2 19.40 ... ... ALMA; CH3COOH 3t = 1
Gt-n-propanol 3712,25–3711,27 215 672.568 386.2 14.57 ... ... ′′
Gt-n-propanol 243,21–234,20 216 493.373 143.6 9.36 ... ... ALMA; CH3OCOH
Gt-n-propanol 145,10–134,9 217 132.672 59.3 5.22 ... ... ALMA; CH3O13COH 3t = 1, CH3OD
Gt-n-propanol 3412,23–3411,23 217 158.546 337.0 13.43 217 159.0 0.48 ALMA; CH3COOCH3
Gt-n-propanol 3412,22–3411,23 217 158.612 337.0 17.25 †
Gt-n-propanol 3412,23–3411,24 217 159.977 337.0 17.25 †
Gt-n-propanol 3412,22–3411,24 217 160.043 337.0 13.43 †
Gt-n-propanol 3212,21–3211,21 217 935.916 306.4 12.61 ... ... ALMA;CH3OCH3, CH3O13COH 3t = 1
Gt-n-propanol 3212,20–3211,21 217 935.931 306.4 15.85 ... ... ′′
Gt-n-propanol 3212,21–3211,22 217 936.298 306.4 15.85 ... ... ′′
Gt-n-propanol 3212,20–3211,22 217 936.314 306.4 12.61 ... ... ′′
Gt-n-propanol 3112,20–3111,20 218 268.548 291.9 12.18 218 269.0 0.84 ALMA; U-line
Gt-n-propanol 3112,19–3111,20 218 268.555 291.9 12.15 †
Gt-n-propanol 3112,20–3111,21 218 268.739 291.9 12.15 †
Gt-n-propanol 3112,19–3111,21 218 268.746 291.9 12.18 †
Gt-n-propanol 3012,19–3011,19 218 567.524 277.7 11.74 ... ... ALMA; CH3O13COH 3t = 1
Gt-n-propanol 3012,18–3011,19 218 567.527 277.7 14.45 ... ... ′′
Gt-n-propanol 3012,19–3011,20 218 567.616 277.7 14.45 ... ... ′′
Gt-n-propanol 3012,18–3011,20 218 567.619 277.7 11.74 ... ... ′′
Gt-n-propanol 2912,18–2911,18 218 835.376 264.1 11.28 218 835.5 1.05 ALMA; CH183 OCOH
Gt-n-propanol 2912,17–2911,18 218 835.377 264.1 13.76 †
Gt-n-propanol 2912,18–2911,19 218 835.419 264.1 13.76 †
Gt-n-propanol 2912,17–2911,19 218 835.421 264.1 11.28 †
Gt-n-propanol 250,25–241,24 218 880.233 138.2 23.15 218 881.2 0.80 ALMA
Gt-n-propanol 251,25–241,24 218 880.912 138.2 24.86 †
Gt-n-propanol 250,25–240,24 218 881.365 138.2 24.86 †
Gt-n-propanol 251,25–240,24 218 882.044 138.2 23.15 †
Gt-n-propanol 126,7–115,6 218 945.655 52.0 5.95 218 946.4 0.73 ALMA
Gt-n-propanol 126,6–115,6 218 946.539 52.0 6.77 †
Gt-n-propanol 126,7–115,7 218 959.585 52.0 6.77 218 960.4 0.76 ALMA
Gt-n-propanol 163,14–152,14 218 960.392 65.9 5.29 †
Gt-n-propanol 126,6–115,7 218 960.468 52.0 5.95 †
Gt-n-propanol 264,22–255,21 219 065.066 170.6 6.54 ... ... ALMA; CH3OCOH 3t = 1
Gt-n-propanol 2812,17–2811,17 219 074.469 250.9 10.82 ... ... ALMA; CH3OCOH 3t = 1
Gt-n-propanol 2812,16–2811,17 219 074.470 250.9 13.07 ... ... ′′
Notes. Lines of gauche-trans-n-CH3CH2CH2OH (Gt–n–propanol) ground state present in the spectral scan of Orion KL from the IRAM-30 m
telescope and the ALMA interferometer. Col. 1 indicates the species, Col. 2 gives the transition, Col. 3 the predicted frequency, Col. 4 upper level
energy, Col. 5 the line strength, Col. 6 observed frequency at the peak channel of the line (relative to a vLSR of +8.0 km s−1), Col. 7 temperature at
the peak channel of the line (main beam temperature for the IRAM data), and Col. 8 shows blends with other molecular species and comments.
(†) Blended with previous line.
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Table A.3. continued.
Species Transition Predicted Eupp S i j Observed T Blends/
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K) Comments
Gt-n-propanol 2812,17–2811,18 219 074.489 250.9 13.07 ... ... ′′
Gt-n-propanol 2812,16–2811,18 219 074.490 250.9 10.82 ... ... ′′
Gt-n-propanol 2712,16–2711,16 219 287.021 238.1 10.34 ... ... ALMA; CH3OCOH 3t = 2
Gt-n-propanol 2712,15–2711,16 219 287.021 238.1 12.38 ... ... ′′
Gt-n-propanol 2712,16–2711,17 219 287.030 238.1 12.38 ... ... ′′
Gt-n-propanol 2712,15–2711,17 219 287.030 238.1 10.34 ... ... ′′
Gt-n-propanol 107,4–96,3 219 345.954 47.6 6.62 ... ... ALMA; CH3O13COH
Gt-n-propanol 107,3–96,3 219 345.955 47.6 6.97 ... ... ′′
Gt-n-propanol 107,4–96,4 219 345.976 47.6 6.97 ... ... ′′
Gt-n-propanol 107,3–96,4 219 345.977 47.6 6.62 ... ... ′′
Gt-n-propanol 88,1–77,0 219 604.840 45.8 7.48 219 604.8 1.39 ALMA
Gt-n-propanol 88,1–77,0 219 604.840 45.8 7.52 †
Gt-n-propanol 88,1–77,0 219 604.840 45.8 7.52 †
Gt-n-propanol 88,1–77,0 219 604.840 45.8 7.48 †
Gt-n-propanol 2512,14–2511,14 219 640.715 214.0 9.34 ... ... ALMA; CH3OCOH 3t = 1
Gt-n-propanol 2512,13–2511,14 219 640.715 214.0 11.00 ... ... ′′
Gt-n-propanol 2512,14–2511,15 219 640.717 214.0 11.00 ... ... ′′
Gt-n-propanol 2512,13–2511,15 219 640.717 214.0 9.34 ... ... ′′
Gt-n-propanol 2212,11–2211,11 220 020.607 181.3 7.74 ... ... ALMA; U-line
Gt-n-propanol 2212,10–2211,11 220 020.607 181.3 8.91 ... ... ′′
Gt-n-propanol 2212,11–2211,12 220 020.607 181.3 8.91 ... ... ′′
Gt-n-propanol 2212,10–2211,12 220 020.607 181.3 7.74 ... ... ′′
Gt-n-propanol 2112,10–2111,10 220 113.805 171.3 7.17 220 113.2 0.81 ALMA; U-line, CH2CHCN 311 = 1
Gt-n-propanol 2112,9–2111,10 220 113.805 171.3 7.17 †
Gt-n-propanol 2112,10–2111,11 220 113.805 171.3 7.17 †
Gt-n-propanol 2112,9–2111,11 220 113.805 171.3 7.17 †
Gt-n-propanol 1812,7–1811,7 220 313.948 144.0 5.36 220 314.2 0.76 ALMA
Gt-n-propanol 1812,6–1811,7 220 313.948 144.0 6.01 †
Gt-n-propanol 1812,7–1811,8 220 313.948 144.0 6.01 †
Gt-n-propanol 1812,6–1811,8 220 313.948 144.0 5.36 †
Gt-n-propanol 1512,4–1511,4 220 422.125 120.8 3.32 220 422.3 0.65 ALMA; 13CH3OCOH, CH3OC18OH
Gt-n-propanol 1512,3–1511,4 220 422.125 120.8 3.66 †
Gt-n-propanol 1512,4–1511,5 220 422.125 120.8 3.66 †
Gt-n-propanol 1512,3–1511,5 220 422.125 120.8 3.32 †
Gt-n-propanol 1412,2–1411,3 220 443.126 114.0 2.82 ... ... ALMA; CH3CH2OH
Gt-n-propanol 1412,3–1411,3 220 443.126 114.0 2.57 ... ... ′′
Gt-n-propanol 1412,2–1411,4 220 443.126 114.0 2.57 ... ... ′′
Gt-n-propanol 1412,3–1411,4 220 443.126 114.0 2.82 ... ... ′′
Gt-n-propanol 242,22–233,21 220 450.169 139.1 14.32 ... ... ALMA; CH3CH2OCOH
Gt-n-propanol 1312,1–1311,3 220 458.292 107.6 1.77 220 458.3 0.36 ALMA
Gt-n-propanol 1312,1–1311,2 220 458.292 107.6 1.94 †
Gt-n-propanol 1312,2–1311,3 220 458.292 107.6 1.94 †
Gt-n-propanol 1312,2–1311,2 220 458.292 107.6 1.77 †
Gt-n-propanol 260,26–251,25 227 509.942 149.1 24.15 227 510.7 1.03 ALMA
Gt-n-propanol 261,26–251,25 227 510.348 149.1 25.86 †
Gt-n-propanol 260,26–250,25 227 510.621 149.1 25.86 †
Gt-n-propanol 261,26–250,25 227 511.028 149.1 24.15 †
Gt-n-propanol 117,5–106,4 228 791.566 52.6 6.71 228 791.6 1.08 ALMA
Gt-n-propanol 117,4–106,4 228 791.570 52.6 7.18 †
Gt-n-propanol 117,5–106,5 228 791.564 52.6 7.18 †
Gt-n-propanol 117,4–106,5 228 791.658 52.6 6.71 †
Gt-n-propanol 98,2–87,1 229 067.766 49.9 7.49 229 066.5 2.40 ALMA; U-line
′′ ′′ ′′ ′′ ′′ 229 068.4 0.30 30 m
Gt-n-propanol 98,1–87,1 229 067.766 49.9 7.62 †
Gt-n-propanol 98,2–87,2 229 067.766 49.9 7.62 †
Gt-n-propanol 98,1–87,2 229 067.766 49.9 7.49 †
Gt-n-propanol 243,21–233,20 229 460.087 143.6 23.32 229 462.0 0.55 ALMA
Gt-n-propanol 252,23–243,22 229 461.862 150.2 15.38 †
Gt-n-propanol 234,20–223,19 234 033.112 133.2 8.73 234 033.2 0.74 ALMA; U-line
Gt-n-propanol 3913,27–3912,27 235 206.448 432.7 15.38 ... ... ALMA; CH3OCOH 3t = 1
Gt-n-propanol 3913,26–3912,27 235 206.535 432.7 20.18 ... ... ′′
Gt-n-propanol 3913,27–3912,28 235 208.140 432.7 20.18 ... ... ′′
Gt-n-propanol 3913,26–3912,28 235 208.227 432.7 15.38 ... ... ′′
Gt-n-propanol 3813,26–3812,26 235 684.048 414.9 15.00 ... ... ALMA; DCOOH
Gt-n-propanol 3813,25–3812,26 235 684.093 414.9 19.46 ... ... ′′
Gt-n-propanol 3813,26–3812,27 235 684.969 414.9 19.46 ... ... ′′
Gt-n-propanol 3813,25–3812,27 235 685.014 414.9 15.00 ... ... ′′
Gt-n-propanol 193,16–182,16 236 101.301 92.6 8.67 ... ... ALMA; D2CO, CH183 OCOH
Gt-n-propanol 3713,25–3712,25 236 120.704 397.6 14.60 ... ... ALMA; CH3O13COH, CH3OCOH 3t = 2
Gt-n-propanol 3713,24–3712,25 236 120.726 397.6 18.75 ... ... ′′
Gt-n-propanol 3713,25–3712,26 236 121.195 397.6 18.75 ... ... ′′
Gt-n-propanol 3713,24–3712,26 236 121.218 397.6 14.60 ... ... ′′
Gt-n-propanol 270,27–261,26 236 138.084 160.4 25.15 236 138.5 0.74 ALMA
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Table A.3. continued.
Species Transition Predicted Eupp S i j Observed T Blends/
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K) Comments
Gt-n-propanol 271,27–261,26 236 138.327 160.4 26.86 †
Gt-n-propanol 270,27–260,26 236 138.490 160.4 26.86 †
Gt-n-propanol 271,27–260,26 236 138.733 160.4 25.15 †
Gt-n-propanol 172,16–161,16 236 879.561 69.9 2.82 ... ... ALMA; CH3OCOH
Gt-n-propanol 3513,23–3512,23 236 882.213 364.3 13.78 ... ... ′′
Gt-n-propanol 3513,22–3512,23 236 882.218 364.3 17.34 ... ... ′′
Gt-n-propanol 3513,23–3512,24 236 882.345 364.3 17.34 ... ... ′′
Gt-n-propanol 3513,22–3512,24 236 882.350 364.3 13.78 ... ... ′′
Gt-n-propanol 3413,22–3412,22 237 212.075 348.4 13.36 ... ... ALMA; CH3OCOH 3t = 2
Gt-n-propanol 3413,21–3412,22 237 212.077 348.4 16.65 ... ... ′′
Gt-n-propanol 3413,22–3412,23 237 212.141 348.4 16.65 ... ... ′′
Gt-n-propanol 3413,21–3412,23 237 212.143 348.4 13.36 ... ... ′′
Gt-n-propanol 146,9–135,9 237 691.949 64.3 7.37 237 692.7 0.62 ALMA; 13CH3OCOH
Gt-n-propanol 146,8–135,9 237 697.842 64.3 6.15 237 697.2 1.20 ALMA; 13CH3OCOH 3t = 1
Gt-n-propanol 253,22–243,21 237 779.216 155.0 24.29 ... ... ALMA; 13CH3OCOH 3t = 1
Gt-n-propanol 3213,20–3212,20 237 781.304 317.9 12.47 ... ... ′′
Gt-n-propanol 3213,19–3212,20 237 781.304 317.9 15.26 ... ... ′′
Gt-n-propanol 3213,20–3212,21 237 781.319 317.9 15.26 ... ... ′′
Gt-n-propanol 3213,19–3212,21 237 781.319 317.9 12.47 ... ... ′′
Gt-n-propanol 3113,19–3112,19 238 024.778 303.3 12.01 ... ... ALMA; CH3OCOH 3t = 1
Gt-n-propanol 3113,18–3112,19 238 024.778 303.3 14.57 ... ... ′′
Gt-n-propanol 3113,19–3112,20 238 024.785 303.3 14.57 ... ... ′′
Gt-n-propanol 3113,18–3112,20 238 024.785 303.3 12.01 ... ... ′′
Gt-n-propanol 165,11–154,12 238 051.137 73.5 5.21 238 051.4 0.64 ALMA
Gt-n-propanol 376,31–375,33 238 051.929 342.5 1.83 † ′′ ′′
Gt-n-propanol 127,6–116,5 238 226.322 58.0 6.81 ... ... ALMA; CH3OCOH 3t = 1
′′ ′′ ′′ ′′ ′′ 238 226.8 0.25 30 m; CH3OCOH 3t = 1
Gt-n-propanol 127,5–116,5 238 226.337 58.0 7.42 †
Gt-n-propanol 127,6–116,6 238 226.619 58.0 7.42 †
Gt-n-propanol 127,5–116,6 238 226.633 58.0 6.81 †
Gt-n-propanol 3013,18–3012,18 238 243.369 289.2 11.53 ... ... ALMA; U-line
Gt-n-propanol 3013,17–3012,18 238 243.369 289.2 13.88 ... ... ′′
Gt-n-propanol 3013,18–3012,19 238 243.372 289.2 13.88 ... ... ′′
Gt-n-propanol 3013,17–3012,19 238 243.372 289.2 11.53 ... ... ′′
Gt-n-propanol 266,24–253,23 238 348.325 161.7 16.44 ... ... ALMA; CH3OCOH
Gt-n-propanol 2913,17–2912,17 238 438.858 275.5 11.05 ... ... ALMA; CH3OH 3t = 1
Gt-n-propanol 2913,16–2912,17 238 438.858 275.5 13.19 ... ... ′′
Gt-n-propanol 2913,17–2912,18 238 438.859 275.5 13.19 ... ... ′′
Gt-n-propanol 2913,16–2912,18 238 438.859 275.5 11.05 ... ... ′′
Gt-n-propanol 108,3–97,2 238 528.368 54.5 7.53 238 528.6 1.01 ALMA
′′ ′′ ′′ ′′ ′′ 238 528.8 0.18 30 m
Gt-n-propanol 108,2–97,2 238 528.368 54.5 7.76 †
Gt-n-propanol 108,3–97,3 238 528.368 54.5 7.76 †
Gt-n-propanol 108,2–97,3 238 528.368 54.5 7.53 †
Gt-n-propanol 2313,11–2312,11 239 215.407 203.2 7.87 ... ... ALMA; CH318OCOH
Gt-n-propanol 2313,10–2312,11 239 215.407 203.2 9.01 ... ... ′′
Gt-n-propanol 2313,11–2312,12 239 215.407 203.2 9.01 ... ... ′′
Gt-n-propanol 2313,10–2312,12 239 215.407 203.2 7.87 ... ... ′′
Gt-n-propanol 2213,10–2212,10 239 291.987 192.7 7.29 ... ... ALMA; CH3OCOH 3t = 1
Gt-n-propanol 2213,9–2212,10 239 291.987 192.7 8.29 ... ... ′′
Gt-n-propanol 2213,10–2212,11 239 291.987 192.7 8.29 ... ... ′′
Gt-n-propanol 2213,9–2212,11 239 291.987 192.7 7.29 ... ... ′′
Gt-n-propanol 244,21–233,20 239 313.697 144.1 9.74 239 313.9 0.68 ALMA; CH3OCOH 3t = 2
Gt-n-propanol 2113,9–2112,9 239 356.844 182.7 6.69 239 357.4 0.26 ALMA
Gt-n-propanol 2113,8–2112,9 239 356.844 182.7 7.56 †
Gt-n-propanol 2113,9–2112,10 239 356.844 182.7 7.56 †
Gt-n-propanol 2113,8–2112,10 239 356.844 182.7 6.69 †
Gt-n-propanol 2013,8–2012,8 239 411.108 173.2 6.07 239 411.6 0.65 ALMA; U-line
Gt-n-propanol 2013,7–2012,8 239 411.108 173.2 6.83 †
Gt-n-propanol 2013,8–2012,9 239 411.108 173.2 6.83 †
Gt-n-propanol 2013,7–2012,9 239 411.108 173.2 6.07 †
Gt-n-propanol 1913,6–1912,7 239 455.850 164.1 6.07 ... ... ALMA; U-line
Gt-n-propanol 1913,7–1912,7 239 455.850 164.1 5.43 ... ... ′′
Gt-n-propanol 1913,6–1912,8 239 455.850 164.1 5.43 ... ... ′′
Gt-n-propanol 1913,7–1912,8 239 455.850 164.1 6.07 ... ... ′′
Gt-n-propanol 1813,5–1812,6 239 492.090 155.5 5.30 ... ... ALMA; CH3OCOH
Gt-n-propanol 1813,6–1812,6 239 492.090 155.5 4.77 ... ... ′′
Gt-n-propanol 1813,5–1812,7 239 492.090 155.5 4.77 ... ... ′′
Gt-n-propanol 1813,6–1812,7 239 492.090 155.5 5.30 ... ... ′′
Gt-n-propanol 1713,4–1712,5 239 520.792 147.3 4.51 239 520.8 0.37 ALMA
Gt-n-propanol 1713,4–1712,6 239 520.792 147.3 4.07 †
Gt-n-propanol 1713,5–1712,5 239 520.792 147.3 4.07 †
Gt-n-propanol 1713,5–1712,6 239 520.792 147.3 4.51 †
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Table A.3. continued.
Species Transition Predicted Eupp S i j Observed T Blends/
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K) Comments
Gt-n-propanol 263,24–252,23 239 523.360 161.7 16.45 239 523.8 0.44 ALMA
Gt-n-propanol 1613,4–1612,5 239 542.869 139.6 3.69 ... ... ALMA; CH3OCOH
Gt-n-propanol 1613,3–1612,5 239 542.869 139.6 3.35 ... ... ′′
Gt-n-propanol 1613,3–1612,4 239 542.869 139.6 3.69 ... ... ′′
Gt-n-propanol 1613,4–1612,4 239 542.869 139.6 3.35 ... ... ′′
Gt-n-propanol 280,28–271,27 244 764.654 172.2 26.16 244 765.0 0.80 ALMA
′′ ′′ ′′ ′′ ′′ 244 765.0 0.08 30 m
Gt-n-propanol 281,28–271,27 244 764.799 172.2 27.86 †
Gt-n-propanol 280,28–270,27 244 764.897 172.2 27.86 †
Gt-n-propanol 281,28–270,27 244 765.042 172.2 26.16 †
Gt-n-propanol 254,22–243,21 245 104.539 155.3 10.81 245 104.4 0.44 ALMA
Gt-n-propanol 99,1–88,0 248 228.722 57.7 8.48 248 228.5 0.14 30 m
Gt-n-propanol 99,0–88,0 248 228.722 57.7 8.52 †
Gt-n-propanol 99,1–88,1 248 228.722 57.7 8.52 †
Gt-n-propanol 99,0–88,1 248 228.722 57.7 8.48 †
Gt-n-propanol 148,7–137,6 276 312.369 77.2 7.88 276 312.8 0.15 30 m
Gt-n-propanol 148,6–137,6 276 312.370 77.2 8.60 †
Gt-n-propanol 148,7–137,7 276 312.417 77.2 8.60 †
Gt-n-propanol 148,6–137,7 276 312.419 77.2 7.88 †
Gt-n-propanol 1010,1–99,0 276 842.794 71.0 9.48 276 842.8 0.10 30 m
Gt-n-propanol 1010,0–99,0 276 842.794 71.0 9.52 †
Gt-n-propanol 1010,1–99,1 276 842.794 71.0 9.52 †
Gt-n-propanol 1010,0–99,1 276 842.794 71.0 9.48 †
Gt-n-propanol 139,5–128,4 286 069.306 78.6 8.66 286 069.5 0.10 30 m
Gt-n-propanol 139,4–128,4 286 069.306 78.6 9.10 †
Gt-n-propanol 139,5–128,5 286 069.306 78.6 9.10 †
Gt-n-propanol 139,4–128,5 286 069.306 78.6 8.66 †
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Table B.2. Lines of A-CH3OCOH and E-CH3OCOH in its ground state (3t=0).
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 132,11-131,12 81167.785 57.9 6.27 81167.6 0.25
A 132,11-131,12 81217.801 58.5 6.26 81217.6 0.25
E 163,13-162,14 81314.214 88.7 10.01 81314.3 0.33
A 163,13-162,14 81362.350 88.7 10.02 81362.3 0.32
A 32,1-21,2 81392.257 6.2 1.38 81392.3 0.16
E 71,7-60,6 82242.986 15.3 5.31 82242.9 0.37
A 71,7-60,6 82244.451 15.8 5.31 82244.5† 0.31
E 103,8-102,9 83605.170 37.9 4.97 83605.0 0.28
A 103,8-102,9 83638.429 38.5 4.98 83638.6 0.30
A 42,3-31,2 85655.780 8.5 1.90 85655.6 0.30
A 215,16-214,17 85773.401 155.8 16.88 85773.6 0.24
E 205,15-204,16 85780.681 142.2 15.72 85780.8 0.24
A 205,15-204,16 85785.346 142.8 15.76 85785.3 0.24
E 76,1-66,0 85919.210 39.8 1.86 85919.0 0.49
E 76,2-66,1 85926.564 39.8 1.86 85926.6 1.47 NH2D
A 76,2-66,1 85927.206 40.4 1.86 85927.2† 1.48 ”
A 76,1-66,0 85927.213 40.4 1.86 85927.2† ” ”
E 75,2-65,1 86021.126 32.5 3.43 86021.0 0.78
E 75,3-65,2 86027.734 32.5 3.43 86027.6 0.78
A 75,3-65,2 86029.413 33.1 3.43 86029.2† 0.89
A 75,2-65,1 86029.413 33.1 3.43 86029.8† ”
A 74,4-64,3 86210.037 27.2 4.72 86210.0 1.10
E 74,3-64,2 86223.658 26.6 4.69 86223.9 1.49
E 74,4-64,3 86224.171 26.6 4.69 ” † ”
A 74,3-64,2 86250.535 27.2 4.72 ... ... SiO
A 73,5-63,4 86265.778 22.5 5.71 86265.6 1.24
E 73,5-63,4 86268.746 21.9 5.66 86268.8 1.24
E 80,8-71,7 87766.385 19.5 6.23 87766.6 0.34
A 80,8-71,7 87769.016 20.1 6.23 87769.1 0.37
E 195,14-194,15 88053.982 129.8 14.31 88054.3 0.38
A 195,14-194,15 88054.464 130.4 14.35 ” † ”
A 195,15-186,12 88261.893 129.6 2.19 88261.6 0.08 U-line
E 225,17-224,18 88337.815 168.9 17.49 88337.8 0.22
A 225,17-224,18 88358.486 169.5 17.54 88358.3 0.25
A 184,15-175,12 88457.999 112.1 1.75 88457.9 0.04
E 113,9-112,10 88686.893 44.4 5.28 88686.9 0.28
A 113,9-112,10 88723.264 45.0 5.28 88723.0 0.37
34SO2
E 71,6-61,5 88843.193 17.4 6.79 88843.3 1.65
A 71,6-61,5 88851.586 17.9 6.79 88851.5 1.66
E 81,8-71,7 89314.662 19.5 7.84 89314.6 1.83
A 81,8-71,7 89316.623 20.1 7.84 89316.8 1.96
A 94,5-93,6 91356.759 37.2 4.80 91356.6 0.30
E 94,5-93,6 91366.496 36.7 4.51 91366.6 0.28
E 142,12-142,13 91381.757 66.4 2.89 91381.6 0.14
E 81,8-70,7 91775.938 19.5 6.31 91775.9 0.51
E 204,16-203,17 91776.877 138.1 13.68 91777.2† 0.62
A 81,8-70,7 91777.210 20.1 6.31 ” † ”
A 204,16-203,17 91825.245 138.7 13.71 91825.2 0.31
E 214,17-214,18 92419.207 151.1 5.18 92419.0 0.17
A 133,10-124,9 92470.051 61.3 1.94 92469.9 0.14
E 173,14-172,15 92884.234 99.1 9.65 92884.0 0.35
A 173,14-172,15 92940.325 99.7 9.66 92940.2 0.36
E 123,10-122,11 94626.869 51.4 5.50 94626.9 0.32
E 52,4-41,3 94632.707 10.9 2.20 94632.6 0.24
A 52,4-41,3 94647.292 11.4 2.20 94647.4 0.22
A 123,10-122,11 94666.958 52.0 5.50 94666.8 0.28
A 113,9-111,10 95363.816 45.0 0.30 95363.6 0.15
E 296,23-296,24 95655.473 207.3 7.48 95655.3 0.06
A 216,15-207,14 95790.395 161.6 2.45 95790.7 0.05
E 112,10-111,11 96059.043 40.1 2.93 96059.9 0.22
E 82,7-72,6 96070.730 23.0 7.46 96070.7 1.50
A 82,7-72,6 96076.825 23.6 7.46 96076.7 1.74
A 64,2-63,3 96086.687 23.0 2.54 96086.7 0.22
A 112,10-111,11 96107.162 40.7 2.93 96107.3 0.20
A 64,3-63,4 96693.544 23.0 2.53 96693.3 0.22
A 84,5-83,6 96709.252 31.9 3.97 96709.1 0.30
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Table B.2. continued.
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
A 44,0-43,1 96835.291 16.5 0.96 96835.3 0.10
A 44,1-43,2 96888.039 16.5 0.96 96888.0 0.11
E 94,6-93,7 96956.753 36.6 4.38 96956.5 0.30
A 94,6-93,7 97018.123 37.2 4.66 97018.2 0.30
E 175,12-174,13 97199.123 107.2 11.34 97199.0 0.58
A 175,12-174,13 97199.227 107.8 11.36 ” † ”
A 42,2-31,3 97339.228 8.6 1.28 97339.5 0.13
E 104,7-103,8 97651.300 42.6 5.27 97651.0 0.41
E 86,2-76,1 98270.501 44.5 3.50 98270.4 0.94
E 86,3-76,2 98278.931 44.5 3.50 98279.3 1.71
A 86,3-76,2 98279.723 45.1 3.50 ” † ”
A 86,2-76,1 98279.764 45.1 3.50 ” † ”
E 90,9-81,8 99133.271 24.3 7.28 99133.3 0.52
A 90,9-81,8 99135.743 24.9 7.29 99135.5 0.52
A 124,9-123,10 100693.124 56.8 6.57 100693.3 0.37
A 121,11-120,12 100790.683 47.3 2.98 100791.0 0.22
E 91,9-80,8 101626.886 24.4 7.32 101626.9 0.57
A 91,9-80,8 101628.130 24.9 7.32 101628.2† 0.55
E 82,6-72,5 103466.577 24.0 7.52 103466.3 2.04
A 82,6-72,5 103478.642 24.6 7.52 103478.6 2.06
E 152,13-151,14 105363.731 75.3 6.02 105363.6 0.34
E 92,8-82,7 107537.264 28.2 8.50 107537.0 2.75
A 92,8-82,7 107543.693 28.8 8.50 107543.9 3.76 CH3CH2CN
E 100,10-91,9 110224.568 29.6 8.31 110224.6 0.80
A 100,10-91,9 110226.840 30.2 8.32 110226.8 0.85
E 95,4-85,3 110873.957 42.6 6.22 110873.9 1.89
E 93,7-83,6 110879.772 32.0 7.99 110879.9 2.92
A 95,5-85,4 110880.432 43.2 6.23 ” † ”
E 95,5-85,4 110882.343 42.6 6.22 110882.5 2.01
A 93,7-83,6 110887.076 32.6 7.99 110887.2 2.33
A 95,4-85,3 110890.242 43.2 6.23 110890.4 1.81
E 101,10-90,9 111734.006 29.7 8.33 111734.0 0.70
A 101,10-90,9 111735.294 30.3 8.34 111735.2† 0.71
A 226,16-225,17 113299.506 175.0 15.13 113299.6 0.36
E 226,16-225,17 113313.643 174.4 15.08 113313.5 0.31
E 93,6-83,5 113743.115 32.3 8.00 113743.0 2.45
A 93,6-83,5 113756.595 32.9 8.00 113756.6 2.31
A 132,12-131,13 114265.779 54.8 2.97 114265.9 0.26
E 112,10-102,9 130010.109 40.1 10.55 130010.3 3.00
A 112,10-102,9 130016.780 40.7 10.54 130016.9 3.06
A 275,22-275,23 130475.886 247.3 1.05 130475.9 0.09
A 203,17-202,18 131480.692 134.3 9.08 131480.7 0.29
E 120,12-111,11 131914.521 41.8 10.33 131914.4 0.78
A 120,12-111,11 131916.426 42.4 10.37 131916.3† 0.74
A 196,13-195,14 132242.429 136.8 11.29 132245.0 3.01
E 196,13-195,14 132244.196 136.2 11.25 132246.9 3.21
E 120,12-110,11 132245.126 41.8 11.85 ” † ”
A 120,12-110,11 132246.725 42.4 11.84 ” † ”
E 195,15-194,16 132503.096 129.0 10.62 132503.0 0.41
E 236,17-227,16 132537.765 188.4 2.77 132537.1 0.37
A 195,15-194,16 132537.121 129.6 10.65 ” † ”
A 173,15-172,16 134559.514 95.6 5.93 134560.5 0.50
E 119,2-109,1 135046.508 92.1 3.64 135046.5 0.80
A 119,3-109,2 135054.927 92.7 3.64 135054.8 1.28
A 119,2-109,1 135054.927 92.7 3.64 ” † ”
E 119,3-109,2 135060.089 92.1 3.64 135060.1 1.20 CH3CH2CN 313/321
E 113,9-103,8 135091.833 44.4 10.16 135091.8 2.10
A 113,9-103,8 135101.615 45.0 10.15 135101.5 2.10
E 118,3-108,2 135143.065 80.8 5.18 135143.0 1.10
A 118,4-108,3 135153.250 81.4 5.19 135153.4 1.65
A 118,3-108,2 135153.250 81.4 5.19 ” † ”
E 118,4-108,3 135156.261 80.8 5.18 135156.3 1.14
E 114,8-104,7 136280.063 49.1 9.51 136280.0 2.02
A 114,8-104,7 136282.586 49.7 9.55 136282.2 2.02
E 194,16-193,17 136662.174 122.7 8.76 136662.1 0.39
E 114,7-104,6 137293.189 49.2 9.51 137293.3 1.90
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Table B.2. continued.
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 186,12-185,13 137308.136 124.8 10.25 137308.4 0.59
A 186,12-185,13 137308.623 125.4 10.34 ” † ”
A 114,7-104,6 137313.323 49.8 9.55 137313.2 1.98
E 112,10-101,9 139565.913 40.1 6.02 139565.9 0.72
A 112,10-101,9 139569.278 40.7 6.03 139569.4 0.81
E 63,4-52,3 139834.615 17.8 2.61 139834.8 0.48
E 244,20-244,21 140113.390 193.4 5.11 140113.3 0.20
A 182,16-181,17 140118.559 105.7 5.97 140118.7 0.43
E 122,11-112,10 141037.704 46.9 12.85 141037.3 3.53
A 122,11-112,10 141044.345 47.5 11.55 141044.3 3.53
A 161,15-160,16 142229.130 79.7 3.00 142229.3 0.29
E 130,13-121,12 142624.486 48.7 11.33 142624.4 1.56
A 130,13-121,12 142626.247 49.3 11.38 142626.3† 1.42
E 131,13-121,12 142733.520 48.7 12.85 142733.5 4.28
A 131,13-121,12 142735.139 49.3 12.84 142734.8 4.52
E 121,11-111,10 143234.203 46.7 11.61 143234.4 3.84
A 121,11-111,10 143240.499 47.3 11.61 143240.4 3.84
E 63,3-52,4 145038.618 17.8 2.46 145038.6 0.49
A 63,3-52,2 145051.762 18.4 2.54 145051.9 0.42
A 186,13-185,14 147280.989 125.3 10.10 147280.9 0.47
E 196,14-195,15 147304.797 136.1 10.79 147304.6 0.39
E 1210,2-1110,1 147310.574 111.8 3.67 147310.6 0.75
A 1210,3-1110,2 147317.738 112.4 3.67 147317.9 1.34
A 1210,3-1110,2 147317.738 112.4 3.67 ” † ”
E 1210,3-1110,2 147325.405 111.8 3.67 147325.2 1.09
A 196,14-195,15 147331.633 136.7 10.83 147331.5 0.92
E 124,9-114,8 148797.792 56.3 10.66 148797.8 2.35
A 124,9-114,8 148805.936 56.8 10.66 148806.0 2.24
A 136,8-135,9 150070.106 77.7 6.39 150070.3 0.44
E 126,6-125,7 150449.243 69.4 4.95 150449.3 0.35
E 96,3-95,4 151765.582 49.9 3.45 151765.6 0.38
A 96,3-95,4 151777.073 50.4 3.45 151777.0 0.37
A 96,4-95,5 151790.609 50.4 3.45 151790.8 0.46
E 141,14-131,13 153350.456 56.0 13.85 153350.6 2.99
A 193,17-192,18 153353.607 116.7 5.96 153351.9† 3.18
A 246,18-237,17 153354.019 203.8 3.04 ” † ”
E 132,12-121,11 156397.528 54.2 8.02 156397.6 1.00
A 132,12-121,11 156401.008 54.8 8.05 156401.1 1.00
E 83,6-72,5 157862.660 26.7 2.94 157862.7 0.58
A 83,6-72,5 157886.961 27.2 2.95 157886.9 0.59
A 54,2-43,1 158241.019 19.5 3.49 158241.0 0.67
E 133,11-123,10 158693.703 59.0 12.25 158693.8 4.90
A 133,11-123,10 158704.394 59.6 12.25 158704.5 4.21
E 1310,3-1210,2 159654.887 119.4 5.31 159654.9 1.69
A 1310,4-1210,3 159662.762 120.0 5.31 159662.8 2.77
A 1310,3-1210,2 159662.762 120.0 5.31 ” † ”
E 1310,4-1210,3 159670.881 119.4 5.31 159671.0 2.01 E-CH3OCOH 3t=1
E 137,6-127,5 160178.907 85.7 9.24 160178.9 3.03
E 137,7-127,6 160193.649 85.6 9.24 160193.3 5.53
A 137,7-127,6 160192.867 86.2 9.24 ” † ”
A 137,6-127,5 160193.385 86.2 9.24 ” † ”
E 150,15-141,14 163925.811 63.9 13.32 163925.6 2.45
A 150,15-141,14 163927.353 64.5 13.40 ” † ”
E 151,15-141,14 163960.366 63.9 14.86 163960.8 7.44
A 151,15-141,14 163961.849 64.5 14.84 ” † ”
E 150,15-140,14 163987.449 63.9 14.86 163988.0 7.44
A 150,15-140,14 163988.898 64.5 14.84 ” † ”
E 132,11-122,10 164955.701 57.9 12.55 164955.6 4.87
A 132,11-122,10 164968.626 58.5 12.55 164968.3 4.17
E 142,13-131,12 165653.645 62.0 9.05 165653.6 0.97
A 142,13-131,12 165657.558 62.6 9.09 165657.4 0.97
A 233,20-233,21 167381.088 173.2 0.75 167381.3 0.22
E 1413,1-1313,0 171794.234 173.5 1.93 171794.3 0.93
A 1413,1-1313,0 171794.545 174.1 1.93 ” † ”
A 1413,2-1313,1 171794.545 174.1 1.93 ” † ”
A 103,8-92,7 171797.885 38.5 3.43 171798.1 0.59
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Table B.2. continued.
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 1413,2-1313,1 171809.143 173.5 1.93 171809.2 0.46 CH2CHCN
E 148,6-138,5 172364.349 103.8 9.44 172364.3 3.09
A 148,7-138,6 172377.704 104.4 9.44 172377.9 4.58
A 148,6-138,5 172377.704 104.4 9.44 ” † ”
E 148,7-138,6 172380.938 103.8 9.44 172380.7 3.44
E 151,14-142,13 172385.791 70.3 10.05 172385.5 1.24
A 151,14-142,13 172393.503 70.8 10.11 172393.4 2.26 A-CH3OCOH 3t=1
A 146,9-136,8 173180.999 86.0 11.44 173180.8 2.35
E 146,8-136,7 173185.193 85.4 11.39 173185.2 2.63 A-CH3OCOH 3t=1
E 146,9-136,8 173194.272 85.4 11.39 173194.4 3.16
A 146,8-136,7 173218.678 86.0 11.44 173218.8 2.43
E 152,14-142,13 173515.402 70.3 14.57 173515.2 4.05
A 152,14-142,13 173521.699 70.9 14.56 ... ... CH3CHO
E 144,11-134,10 173637.672 72.3 12.85 173637.6 3.68 A-CH3OCOH 3t=1
A 144,11-134,10 173650.125 72.9 12.84 173649.9 3.27
E 151,14-141,13 174209.781 70.3 14.58 174209.6 4.41 CH3CHO 3t=2
A 151,14-141,13 174215.560 70.8 11.44 174215.6 4.29
A 276,22-275,23 174217.996 249.4 14.66 ” † ”
E 145,9-135,8 174377.400 78.3 12.07 174377.3 3.16
A 145,9-135,8 174406.175 78.9 12.22 174406.4 3.32
E 142,12-132,11 175867.617 66.4 13.50 175867.9 2.63
A 142,12-132,11 175879.446 67.0 13.50 175879.3 3.08
E 177,11-176,12 175882.512 122.4 6.39 ... † ...
A 177,17-176,12 176009.688 123.0 8.69 176009.5 0.76
A 157,9-156,10 177526.689 103.4 7.22 177526.6 0.92
E 165,11-155,10 200936.146 96.9 14.44 200936.0 10.36
A 165,11-155,10 200956.376 97.5 14.44 200956.2 10.60
E 173,15-163,14 203853.722 95.0 16.32 203853.6 11.93
A 173,15-163,14 203864.193 95.6 16.30 203864.0 11.93
E 181,17-172,16 205250.777 98.4 13.10 205250.6 3.72
A 181,17-172,16 205257.161 98.9 13.22 205257.2 3.60
E 190,19-181,18 206364.154 100.5 17.23 206364.3 6.86
A 190,19-181,18 206365.396 101.1 17.42 206365.5† 8.08
E 191,19-181,18 206367.361 100.5 18.88 206367.4† 16.48
A 191,19-181,18 206368.594 101.1 18.84 206368.4† 17.25
E 190,19-180,18 206370.009 100.5 18.88 206370.0† 17.71
A 190,19-180,18 206371.237 101.1 18.84 206370.9† 16.33
E 191,19-180,18 206373.215 100.5 17.23 206373.1† 9.15
A 191,19-180,18 206374.435 101.1 17.42 206374.1† 7.77
E 118,3-117,4 207234.806 80.8 3.58 207234.9 1.76
E 1713,5-1613,4 208804.575 201.7 7.06 208804.6 3.79
E 177,10-167,9 210434.475 122.4 14.11 210434.3 9.63
A 177,11-167,10 210442.753 123.0 14.13 210442.5 9.63
E 177,11-167,10 210451.372 122.4 14.11 210451.4 9.39
E 75,2-64,2 210456.755 32.5 4.53 210456.7 2.99
A 177,10-167,9 210463.197 123.0 14.13 210463.1 9.51
A 75,3-64,2 210467.102 33.1 4.53 210467.2 3.96
A 176,12-166,11 211255.027 114.6 14.89 211255.0 9.87
E 176,12-166,11 211266.039 114.0 14.50 211266.0 9.63
E 176,11-166,10 211537.299 114.0 14.50 211537.0 9.63
A 176,11-166,10 211575.108 114.6 14.89 211574.9 11.56
A 193,16-184,15 212473.089 122.3 6.38 212473.0 1.91 g−CH3CH2OH
A 175,12-165,11 214652.625 107.8 15.54 214652.6 10.84
E 191,18-182,17 215965.938 108.7 14.09 215965.9 5.41 CH3CH2CN
A 191,18-182,17 215972.062 109.3 14.24 215971.9 4.92
E 191,18-181,17 216210.862 108.7 18.58 216210.9 11.56
A 191,18-181,17 216216.524 109.3 18.55 216216.6 11.44
E 174,13-164,12 220166.852 102.6 16.14 220166.9 11.32
A 174,13-164,12 220190.267 103.1 16.14 220190.3 10.96
A 1816,3-1716,2 220926.304 270.7 3.78 220926.3 2.55
A 1816,2-1716,1 220926.304 270.7 3.78 ” † ”
E 1816,2-1716,1 220935.480 270.1 10.04 220935.3 1.58
E 1810,8-1710,7 221649.374 166.7 12.46 221649.3 7.13
E 184,15-174,14 221660.479 111.5 17.04 221660.7 14.40
A 1810,9-1710,8 221661.112 167.3 12.45 ” † ”
A 1810,8-1710,7 221661.114 167.3 12.45 ” † ”
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Table B.2. continued.
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 1810,9-1710,8 221670.738 166.7 12.46 221670.8 7.44
A 184,15-174,14 221674.677 112.1 17.03 221674.6 11.18
A 188,11-178,10 222438.272 143.5 14.45 222438.3 9.54
A 188,10-178,9 222440.383 143.5 14.45 222440.5† 10.31
E 188,11-178,10 222442.053 142.9 14.46 222441.8† 9.92
E 192,17-183,16 223037.864 116.0 10.60 223037.9 3.51
A 192,17-183,16 223051.784 116.0 10.70 223051.7 2.90
A 187,12-177,11 223119.254 133.7 15.29 223119.3 9.38
E 187,11-177,10 223125.041 133.1 15.18 223125.0 9.09
E 187,12-177,11 223134.996 133.1 15.18 223134.8 9.36
E 186,12-176,11 224582.321 124.8 15.89 224582.3 10.12
A 269,17-268,18 224600.055 261.7 14.15 224600.0 1.57
A 186,12-176,11 224609.370 125.4 16.01 224609.2 10.31
E 269,17-268,18 224618.955 261.1 12.15 224618.7 1.28
E 193,17-183,16 225608.790 116.1 18.33 225609.1 12.38
A 193,17-183,16 225618.728 116.7 18.30 225618.6 11.86
A 66,1-55,0 225928.585 36.3 5.47 225928.6 5.09
A 66,0-55,1 225928.599 36.3 5.47 ” † ”
E 201,19-191,18 226773.161 119.6 19.58 226773.0 12.03
A 201,19-191,18 226778.781 120.2 19.55 226778.7 12.48
E 192,17-182,16 227019.519 116.0 18.35 227019.3 13.11
A 192,17-182,16 227028.120 116.6 18.32 227027.8 14.01
A 249,16-248,17 228270.484 231.3 12.59 228270.3 1.62
A 239,14-238,15 229224.187 217.0 11.83 229224.3 1.50
E 183,15-173,14 229404.993 110.1 17.35 229404.9 14.52
A 183,15-173,14 229420.352 110.7 17.34 229420.4 12.34
E 124,9-113,8 231019.016 56.3 3.89 231019.0 2.43
A 293,26-292,27 231020.262 264.2 8.99 ” † ”
A 219,12-218,13 231199.324 190.3 10.34 231199.3 2.40
E 219,12-218,13 231200.172 189.7 10.23 231199.9† 2.25
A 273,25-272,26 231658.051 221.7 6.00 231658.1 1.03
A 273,25-271,26 231659.626 221.7 0.58 ” † ”
E 209,12-208,13 231938.642 177.2 9.58 231938.6 2.13
E 209,11-208,12 231955.204 177.2 9.57 231955.1 2.79 CH2CHCN
A 209,11-208,12 231966.969 177.8 9.61 231967.1 2.13 CH3CHO
A 209,12-208,13 231985.319 177.8 9.61 ... ... CH3OCH3
E 199,11-198,12 232579.367 165.4 8.86 232579.3 1.81
E 199,10-198,11 232597.251 165.4 8.86 232597.3 2.16
A 199,10-198,11 232617.198 166.0 8.87 232617.2 1.72
A 199,11-198,12 232625.258 166.0 8.87 232625.5 2.08 CH3OH
A 1916,3-1816,2 233246.736 281.9 5.53 233246.6 3.35
A 1916,4-1816,3 233246.736 281.9 5.53 ” † ”
E 1916,3-1816,2 233256.045 281.2 5.52 233255.8 2.60 CH3OCH3
E 1916,4-1816,3 233268.622 281.2 5.52 233268.4 2.40 CH3CH2CN 320=1
A 179,8-178,9 233627.125 144.1 7.41 233627.3 4.70 E-CH3COCH3 3t=1
A 179,9-178,10 233627.125 144.1 7.41 ” † ” ”
E 199,10-189,9 234486.458 165.4 14.75 234486.3 8.24
A 199,11-188,10 234502.261 166.0 14.75 234502.1 11.20
A 199,11-188,10 234502.261 166.0 14.75 ” † ”
E 199,11-189,10 234508.612 165.4 14.76 234508.7 8.11
E 95,4-84,4 234783.353 42.6 4.23 234783.3 3.89
E 95,5-84,5 234784.000 42.6 4.23 234783.9† 3.64
A 198,12-188,11 235046.513 154.8 15.64 235046.4 9.14
E 119,2-118,3 235047.845 92.1 2.81 ” † ”
E 198,12-188,11 235051.353 154.2 15.65 235051.4 12.59
A 198,11-188,10 235051.409 154.8 15.64 ” † ”
E 195,15-185,14 236743.666 129.0 17.68 236743.6 10.40
A 195,15-185,14 236759.687 129.6 17.67 236759.4 10.15
E 202,18-192,17 237297.479 127.4 19.34 237297.3 10.92
A 202,18-192,17 237306.044 128.0 19.31 237306.1 11.05
E 212,20-202,19 237309.514 131.0 20.59 237309.3 11.31
A 212,20-202,19 237315.155 131.6 20.55 237315.0 10.92
A 134,10-123,9 237317.043 64.6 4.03 ” † ”
E 196,13-186,12 237807.605 136.2 17.10 237807.3 11.05
A 196,13-186,12 237829.835 136.8 17.12 237829.7 11.31
E 203,18-192,17 238926.844 127.4 11.69 238926.6 3.94
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Table B.2. continued.
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
A 203,18-192,17 238932.529 128.0 11.82 238932.3 3.99
E 325,28-323,29 239541.734 327.3 5.88 239541.3 1.07 U-line
A 325,28-324,29 239541.215 327.9 12.01 ” † ” ”
E 193,16-183,15 240021.111 121.7 18.29 240021.0 14.91
A 193,16-183,15 240034.655 122.3 18.27 240034.6 14.78
E 195,14-185,13 242871.545 129.8 17.73 242871.3 14.40
A 195,14-185,13 242896.030 130.4 17.72 242896.0 13.88
E 204,17-194,16 244580.316 134.4 19.08 244580.0 14.52
A 204,17-194,16 244594.053 135.0 19.06 244593.9 14.40
A 2015,6-1915,5 245651.193 273.1 8.76 245651.0 5.35
A 2015,5-1915,4 245651.193 273.1 8.76 ” † ”
E 2015,5-1915,4 245656.884 272.5 8.75 245656.7 3.55
E 2015,6-1915,5 245673.007 272.5 8.75 245672.8 3.45
A 2014,7-1914,6 245752.248 253.9 10.21 245752.3 6.87
A 2014,6-1914,5 245752.248 253.9 10.21 ” † ”
E 2014,6-1914,5 245754.098 253.3 10.21 245753.9† 5.06
E 2014,7-1914,6 245772.672 253.3 10.20 245772.5 4.60 E-CH3COCH3 3t=2
E 2011,9-1911,8 246285.383 203.6 13.96 246285.3 7.06
A 2011,10-1911,9 246295.120 204.2 13.96 246294.8 10.51
A 2011,9-1911,8 246295.120 204.2 13.96 ” † ”
E 2011,10-1911,9 246308.252 203.6 13.97 246308.1 7.70
E 2010,10-1910,9 246600.003 189.7 15.02 246600.0 8.67
A 2010,11-1910,10 246613.394 190.3 15.01 246613.2 8.48
A 2010,10-1910,9 246613.410 190.3 15.01 ” † ”
E 2010,11-1910,10 246623.215 189.7 15.02 246623.1 8.54
E 105,5-94,5 246752.946 48.5 3.26 246752.9 2.63
E 209,11-199,10 247040.622 177.2 15.97 247040.6 9.37
E 213,19-203,18 247044.110 139.3 20.33 247044.1 12.46
A 213,19-203,18 247053.522 139.9 20.29 247053.6 12.72
A 209,12-199,11 247057.279 177.8 15.96 247057.4 13.62
A 209,11-199,10 247057.757 177.8 15.96 ” † ”
E 209,12-199,11 247063.641 177.2 15.97 247063.7 9.24
E 429,34-428,35 247655.258 593.2 23.75 247656.9 12.34
E 212,19-202,18 247656.860 139.2 20.33 ” † ”
A 212,19-202,18 247665.418 139.8 20.30 247665.3 12.08
E 208,12-198,11 247682.669 166.1 16.80 247682.5 9.76
A 208,13-198,12 247697.218 166.7 16.81 247697.1 9.89
E 208,13-198,12 247704.366 166.1 16.82 247704.4 10.15
A 208,12-198,11 247707.986 166.7 16.81 247707.8 10.15
E 222,21-212,20 247901.619 142.9 21.60 247901.6 12.34
A 222,21-212,20 247907.181 143.5 21.54 247907.0 12.34
E 221,21-211,20 247922.229 142.9 21.59 247922.2 12.21
A 221,21-211,20 247927.745 143.5 21.54 247927.8 12.59
A 207,14-197,13 248617.444 157.0 17.56 248617.3 11.18
E 207,14-197,13 248633.678 156.4 16.92 248633.7 11.05
E 334,29-333,30 248953.453 346.2 11.87 248953.6 0.60
A 3110,22-319,23 248976.908 360.5 17.32 248977.0 0.81
E 205,16-195,15 249030.990 141.0 18.74 249030.6 11.69
A 205,16-195,15 249047.443 141.6 18.72 249047.1 11.82
E 206,15-196,14 249578.121 148.1 18.22 249578.0 11.05
A 206,15-196,14 249591.736 148.7 18.21 249591.6 11.31
A 271,26-271,27 250006.048 210.6 0.31 250006.3 0.94
A 271,26-270,27 250006.071 210.6 3.01 ” † ”
A 272,26-271,27 250007.624 210.6 3.01 250007.5† 0.97
A 272,26-270,27 250007.647 210.6 0.31 ” † ”
E 203,17-193,16 250246.500 133.7 19.23 250246.3 11.95
A 203,17-193,16 250258.416 134.3 19.21 250258.3 11.95
E 86,2-75,2 250410.931 44.5 5.51 250410.9 3.64
E 206,14-196,13 251264.464 148.3 18.22 251264.3 10.95
A 206,14-196,13 251285.739 148.9 18.21 251285.8 10.20 CH3CH2CN
A 2810,19-289,20 253674.284 306.8 14.94 253674.3 0.98
E 214,18-204,17 255776.133 146.7 20.09 255776.0 11.05
A 214,18-204,17 255789.466 147.3 20.06 255789.2 11.05
A 184,15-173,14 256981.918 112.1 6.18 256981.9 2.52
E 184,15-173,14 256985.789 111.5 6.14 256985.7 2.59
E 205,15-195,14 257226.591 142.2 18.82 257226.6 13.11
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Table B.2. continued.
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 223,20-213,19 257690.311 151.7 21.33 257690.3 11.05
A 223,20-213,19 257699.492 152.3 21.29 257699.5 11.31
A 2117,5-2017,4 257841.540 327.9 7.24 257841.6 4.21 U-line
A 2117,4-2017,3 257841.540 327.9 7.24 ” † ” ”
A 2115,7-2015,6 258001.723 285.5 10.29 258001.6 5.77
A 2115,6-2015,5 258001.723 285.5 10.29 ” † ”
E 2115,6-2015,5 258007.304 284.9 10.29 258007.3 4.16
E 2115,7-2015,6 258024.149 284.9 10.29 258024.1 3.75
E 222,20-212,19 258081.006 151.6 21.34 258081.0 12.72
A 222,20-212,19 258089.554 152.2 21.29 258089.5 12.21
E 223,20-212,19 258706.927 151.7 13.73 258706.9 3.50
A 223,20-212,19 258714.082 152.3 13.93 258714.2 3.16
E 2310,14-239,15 258837.623 228.9 11.13 258837.6 1.35
E 2310,13-239,14 258847.918 228.9 11.13 258847.7 1.63
A 2310,13-239,14 258859.141 229.5 11.17 258859.1 1.35
A 2310,14-239,15 258868.737 229.5 11.17 258868.6 1.33
E 344,30-344,31 259204.388 365.6 6.02 259204.3 0.33
E 115,6-104,7 259445.553 55.0 2.66 259445.6 1.97
E 215,17-205,16 261148.888 153.5 19.78 261148.9 14.20 CH3OCH3
A 215,17-205,16 261165.463 154.1 19.76 261165.4 12.23
A 217,15-207,14 261433.787 169.5 18.68 261433.6 12.10
E 217,15-207,14 261436.736 168.9 18.34 261436.8 12.34
E 216,16-206,15 262324.885 160.7 19.31 262324.9 12.23
A 216,16-206,15 262340.574 161.3 19.29 262340.4 13.13
A 1410,4-149,5 262487.467 128.3 4.47 262487.3 3.74
A 1410,5-149,6 262487.468 128.3 4.47 ” † ”
E 216,15-206,14 265002.619 161.0 19.32 265002.6 11.59
A 216,15-206,14 265024.856 161.6 19.30 265024.7 11.72
E 233,21-223,20 268307.724 164.5 22.33 268307.6 11.85
A 233,21-223,20 268316.698 165.1 22.28 268316.5 10.94
E 232,21-222,20 268552.668 164.5 22.34 268552.6 9.12 A-CH3OCOH 3t=1
A 232,21-222,20 268561.189 165.1 22.29 268561.1 8.73
E 233,21-222,20 268933.644 164.5 14.73 268933.6 2.48
A 233,21-222,20 268941.225 165.1 14.97 268941.2 2.38
E 125,8-114,7 269404.240 62.1 3.84 269404.4 2.00
E 354,31-354,32 269409.949 385.5 11.85 269409.8 0.57
E 3611,25-3610,26 269421.789 475.0 19.24 269421.8 0.57
A 291,28-290,29 269439.182 241.0 3.01 269439.4 1.22
A 292,28-291,29 269439.662 241.0 3.01 ” † ”
E 334,30-333,31 270866.078 334.2 8.89 270866.0 0.63
E 334,30-332,31 270867.848 334.2 4.85 270867.9† 0.47
A 214,18-203,17 270878.806 147.3 9.02 270878.6 2.36
E 214,18-203,17 270882.386 146.7 8.91 270882.4 2.08
E 244,20-235,19 272991.748 193.4 7.56 272991.6 1.28 E-
13CH3OCOH
A 244,20-235,19 273037.128 194.0 7.69 273037.0 1.30
E 3411,23-3410,24 274789.061 432.5 15.87 274789.4 0.65
E 106,5-95,5 274798.303 55.7 5.64 274798.3 3.06
E 234,20-224,19 277733.003 172.8 22.10 277733.0 11.05
A 234,20-224,19 277745.386 173.4 22.06 277745.3 11.18 E-CH3OCOH 3t=1
A 87,2-76,1 278133.374 53.8 6.46 278133.3 6.93
A 87,1-76,2 278133.381 53.8 6.46 ” † ”
E 243,22-233,21 278906.080 177.9 23.34 278906.0 12.36
A 243,22-233,21 278914.870 178.5 23.28 278914.8 12.11
E 233,20-223,19 280147.664 172.6 22.14 280147.6 11.05
A 233,20-223,19 280157.369 173.2 22.10 280157.1 11.56
E 2911,19-2910,20 282886.664 337.0 11.62 282886.6 0.82
E 2314,9-2214,8 282896.140 292.2 14.49 282895.1 9.12
A 2314,10-2214,9 282895.162 292.8 14.49 ” † ”
A 2314,9-2214,8 282895.162 292.8 14.49 ” † ”
A 2911,19-2910,20 282895.162 337.7 14.97 ” † ”
E 2314,10-2214,9 282916.953 292.2 14.49 282917.0 4.87
E 224,18-214,17 282939.770 164.7 21.21 282939.7 12.59
A 224,18-214,17 282957.566 165.3 21.18 282957.4 11.82
E 2312,11-2212,10 283373.369 257.8 16.76 283373.3 6.41
A 2312,12-2212,11 283381.002 258.4 16.75 283380.9 9.24
A 2312,11-2212,10 283381.002 258.4 16.75 ” † ”
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Table B.2. continued.
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 2312,12-2212,11 283397.730 257.8 16.76 283397.6 6.54
E 239,14-229,13 284920.183 216.4 19.51 284920.3 7.44
A 239,15-229,14 284937.187 217.0 19.49 284937.1 7.70
A 239,14-229,13 284942.734 217.0 19.49 284942.7 8.47
E 239,15-229,14 284945.113 216.4 19.51 284945.0 8.60
E 237,17-227,16 287146.603 195.9 20.88 287146.6 9.89
A 237,17-227,16 287158.943 196.5 20.88 287158.9 9.89
E 244,21-234,20 288541.454 186.7 20.11 288541.3 11.95
A 244,21-234,20 288553.359 187.3 23.06 288553.3 11.18
E 253,23-242,22 289721.778 191.8 16.71 289721.6 2.92
A 253,23-242,22 289729.779 192.4 17.03 289729.8 3.26
E 1711,7-1710,8 289755.716 169.9 6.09 289755.8 1.80
E 1711,6-1710,7 289759.818 169.9 6.09 289759.9 1.80
A 1711,6-1710,7 289803.642 170.5 6.09 289803.6 3.11
A 1711,7-1710,8 289803.643 170.5 6.09 ” † ”
Note.- Emission lines of CH3OCOH ground state shown in Figs. 3, A.2, A.3, and A.4. Column 1 indicates the symmetry substate of the torsional
mode, Col. 2 gives the quantic numbers of the line transition, Col. 3 the predicted frequency in the laboratory, Col. 4 upper level energy, Col. 5
the line strength, Col. 6 observed frequency at the peak channel of the line (relative to a vLS R of 7.5 kms
−1) , Col. 7 main beam temperature at the
peak channel of the line, and Col. 8 shows the blending with other molecular species.
† blended with the previous line.
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Table B.3. Lines of A-CH3OCOH and E-CH3OCOH in its first excited state 3t=1.
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
A 71,7-60,6 81999.401 204.1 5.38 81999.3 0.09
E 71,7-60,6 82101.315 203.3 5.18 82101.6 0.10
A 103,8-102,9 82809.138 226.5 5.12 82809.3 0.10
E 103,8-102,9 83227.097 225.9 4.66 83227.0 0.04
E 72,6-62,5 84283.109 206.5 6.35 84283.0 0.44 c-C2H4O
A 76,2-66,1 85120.437 228.7 1.85 85120.3 0.17
A 76,1-66,0 85120.437 228.7 1.85 ” † ”
E 76,1-66,0 85157.135 228.6 1.86 85157.3 0.11
A 75,3-65,2 85185.466 221.4 3.42 85185.7 0.21
A 75,2-65,1 85185.466 221.4 3.42 ” † ”
E 74,4-64,3 85743.976 214.5 4.72 85743.9 0.24
E 73,4-63,3 86034.013 210.3 5.74 86033.6 0.28
A 73,4-63,3 86155.078 210.8 5.70 86155.0 0.30
E 73,5-63,4 86172.706 209.9 5.69 86172.7 0.28
A 80,8-71,7 87057.122 208.3 6.30 87057.0 0.07
E 71,6-61,5 88220.753 205.4 6.80 88220.6 0.35
E 81,8-71,7 88862.414 207.6 7.85 88862.6 0.41
A 72,5-62,4 88998.365 207.9 6.42 88998.3 0.32
E 80,8-70,7 89829.704 207.5 7.88 89829.6 0.45
E 104,6-103,7 93450.699 230.9 4.22 93450.6 0.06
E 52,4-41,3 93457.280 198.9 1.80 93457.2 0.02
A 82,7-72,6 95242.005 211.8 7.44 95242.0 0.48
A 74,3-73,4 95667.399 215.4 3.33 95667.6 0.05
E 104,7-103,8 95685.406 230.5 4.58 95685.3 0.04
E 82,7-72,6 95689.399 211.1 7.46 95689.4 0.48
A 54,1-53,2 96891.929 207.8 1.82 96891.6 0.04
E 114,8-113,9 96903.487 237.0 4.79 96903.3 0.06
E 87,1-77,0 97275.818 242.1 1.88 97275.9 0.12 E-CH3
18OCOH
A 94,6-93,7 97282.148 225.4 4.73 97282.2 0.08 (CH3)2CO
A 86,3-76,2 97350.417 233.4 3.50 97350.3 0.35
A 86,2-76,1 97350.417 233.4 3.50 ” † ”
E 86,2-76,1 97395.342 233.3 3.51 97395.5 0.23 U-line
A 85,4-75,3 97457.967 226.1 4.87 97457.9 0.29
A 85,3-75,2 97460.395 226.1 4.87 97460.4† 0.30
E 87,2-77,1 97651.270 241.3 1.88 ... ... E-CH3OCOH
A 84,5-74,4 97661.401 220.1 5.99 97661.3 0.35
E 83,6-73,5 98682.421 214.6 6.81 ... ... A-CH3OCOH
A 81,7-71,6 99575.548 210.9 7.75 99575.6 0.54
E 91,9-81,8 99577.419 212.4 8.87 99577.4 0.66
A 91,9-80,8 101202.806 213.2 7.42 101202.6 0.02
A 82,6-72,5 102179.510 212.8 7.50 102179.3 0.51
E 152,13-151,14 103886.114 263.1 6.04 103886.0 0.04
A 165,11-164,12 105514.812 285.1 9.99 105514.9 0.15 t-HCCOD
E 33,1-22,1 105528.729 197.0 2.55 105528.5 0.05
E 92,8-82,7 107022.159 216.2 8.52 107022.0 0.68
A 101,9-92,8 107472.344 222.1 4.61 107472.3 0.10
E 101,9-92,8 107911.928 221.4 4.46 107911.9 0.10 E/A-
13CH3OCOH
E 33,0-22,0 108379.260 197.4 2.31 108379.3 0.06
E 98,1-88,0 109390.436 257.5 1.89 109390.3 0.14 U-line
A 97,3-87,2 109531.413 247.3 3.55 109531.5 0.47
A 97,2-87,1 109531.413 247.3 3.55 ” † ”
E 96,3-86,2 109662.944 238.6 5.02 109662.9 0.41 E-CH3OD
A 93,7-83,6 109763.737 220.7 7.97 109763.6 1.05 SO2
A 95,5-85,4 109770.995 231.3 6.21 109770.8 0.52
A 95,4-85,3 109778.835 231.3 6.21 109778.8 0.81 C
18O
E 95,4-85,3 109912.168 231.1 6.25 109912.0 0.72
13CH2CHCN
E 97,3-87,2 109924.817 246.6 3.57 109924.6 0.29 CH3COOCH3
E 101,10-91,9 110238.713 217.7 9.88 110238.6 0.81
A 94,5-84,4 110250.337 225.4 7.21 110250.3 0.62 CH3OCH3, (CH3)2CO, A-CH3OCOH 3t=2
E 95,5-85,4 110262.642 230.5 6.24 110262.6 0.68 E-CH3OD
E 72,6-61,5 110462.101 206.5 2.95 110462.0 0.06
A 155,10-154,11 110468.307 275.6 8.93 110468.3 0.07
E 100,10-90,9 110655.310 217.6 9.88 110655.0 0.77
E 93,6-83,5 112011.966 220.4 7.91 110684.1 0.60
A 153,13-152,14 114404.728 264.3 6.07 114404.9 0.09
A 92,7-82,6 115152.691 218.3 8.55 115154.2 1.06 NS
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Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 92,7-82,6 115557.296 217.7 8.60 ... ... NS
A 120,12-111,11 131149.812 230.6 10.48 131149.9 0.14
E 120,12-111,11 131235.255 229.8 10.13 131235.3 0.24 CH3CH2
13CN
A 121,12-111,11 131377.495 230.6 11.82 131377.3 0.73
A 120,12-110,11 131536.653 230.6 11.82 131536.6 0.76
E 1110,1-1010,0 133616.483 294.1 1.91 ... ... A-CH3OCOH
E 115,6-105,5 134739.627 243.5 8.76 134739.6 0.62
E 116,6-106,5 134777.758 250.2 7.75 134777.5 0.52
E 114,8-104,7 135931.664 237.0 9.53 135931.6 0.54
A 113,8-103,7 139381.193 233.7 10.18 139381.3 0.95
A 162,15-160,16 139393.776 267.5 1.64 139393.6 0.05
E 130,13-121,12 141905.019 236.6 11.12 141905.0 0.25
E 131,13-121,12 142032.295 236.6 12.89 142032.3 1.17
A 130,13-120,12 142052.774 237.4 12.82 142052.8 1.20
E 215,17-214,18 142232.708 341.0 11.20 142232.6 0.10
E 131,13-120,12 142252.685 236.6 11.13 142252.5 0.28
A 121,11-111,10 142365.919 235.2 11.60 142365.9 1.25 A-CH3OCOH
A 123,10-113,9 145621.125 240.0 11.19 145621.3 1.03
A 128,5-118,4 146234.988 276.6 6.67 146234.9 0.64
A 128,4-118,3 146234.988 276.6 6.67 ” † ”
E 127,5-117,4 146337.965 266.7 7.94 146337.9 0.66
E 123,10-113,9 146345.423 239.4 11.19 146345.2 0.71
E 1211,2-1111,1 146356.286 314.4 1.93 146357.5 0.75
A 127,6-117,5 146357.492 266.6 7.92 ” † ”
A 127,5-117,4 146357.492 266.6 7.92 ” † ”
E 126,6-116,5 146682.383 257.9 9.03 146682.3 0.56
E 128,5-118,4 146700.601 276.0 6.70 146700.6 0.54 A-CH3OCOH
E 124,8-114,7 148575.217 244.6 10.64 148575.3 0.65
E 124,9-114,8 148590.157 244.1 10.59 148590.2 0.71
A 146,8-145,9 149606.932 273.8 7.19 149606.9 0.13 CH3CH2CN
A 132,12-122,11 150898.356 242.7 12.54 150898.3 0.85
A 122,10-112,9 152084.700 238.5 11.57 152084.6 0.82
A 141,14-131,13 152525.637 244.7 13.82 152525.6 1.04
A 326,26-325,27 152528.049 530.6 19.89 ” † ”
E 193,17-192,18 152595.656 303.7 5.94 152597.1 1.08
E 141,14-131,13 152597.126 243.9 13.90 ” † ”
A 86,2-85,3 152602.909 233.4 2.72 152608.1 1.29
A 86,3-85,4 152606.026 233.4 2.72 ” † ”
A 131,12-121,11 152608.268 242.6 12.58 ” † ”
E 131,12-121,11 152891.340 241.9 12.64 152891.3 0.97 (CH3)2CO, CH3OCH3
E 106,5-105,6 152902.698 243.7 4.20 152902.6 0.08
E 123,9-113,8 153463.342 240.5 11.30 153463.3 1.20
E 116,5-115,6 154461.588 250.9 4.74 154461.6 0.15 U-line
A 133,11-123,10 157286.188 247.5 12.23 157286.3 1.37
E 54,2-43,2 158167.991 206.9 3.56 158167.9 0.15
A 1311,2-1211,1 158380.526 322.3 3.70 158380.6 0.49
A 1311,3-1211,2 158380.526 322.3 3.70 † ”
A 1312,1-1212,0 158388.509 337.6 1.93 158388.5 0.44
A 1312,2-1212,1 158388.509 337.6 1.93 ” † ”
A 194,15-185,14 158388.849 313.2 3.12 ” † ”
E 138,5-128,4 158390.648 284.4 8.10 158390.7† 1.09
A 1310,3-1210,2 158391.526 308.2 5.32 158391.7† ”
A 1310,3-1210,2 158391.526 308.2 5.32 ” † ”
A 73,4-62,5 158424.671 210.8 2.57 158424.9 0.16
A 139,5-129,4 158432.673 295.6 6.78 158432.8 1.18
A 139,4-129,3 158432.673 295.6 6.78 ” † ”
E 137,6-127,5 158677.623 274.3 9.26 158677.6 0.84
A 137,7-127,6 158690.583 274.2 9.23 158690.6 1.81
A 137,6-127,5 158690.583 274.2 9.23 ” † ”
E 1310,4-1210,3 158716.616 307.9 5.34 158716.5 0.46
A 136,8-126,7 158993.849 265.6 10.22 158993.9 1.50 SO
A 224,19-223,20 159001.155 347.1 9.25 159001.2 0.20
A 136,7-126,6 159006.303 265.6 10.22 159006.2 1.12
E 138,6-128,5 159031.511 283.7 8.11 159031.5 0.79 CH3OH
E 134,10-124,9 161090.565 251.9 11.58 161090.6 1.32
A 142,13-132,12 161682.634 250.5 13.54 161682.6 1.41
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Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 142,13-132,12 161969.656 249.9 13.61 161969.6 1.39
E 141,13-131,12 163142.587 249.8 13.63 163142.6 1.27
E 151,15-141,14 163154.325 251.8 14.90 163154.3 1.41
A 151,15-140,14 163162.333 252.5 13.51 ... ... H2CCO, DNCO
E 150,15-140,14 163185.864 251.8 14.90 163185.9 1.44
A 142,13-131,12 165031.078 250.5 9.06 165031.0 0.28
A 133,10-123,9 166388.878 249.0 12.33 166388.9 1.23
A 143,12-133,11 168787.455 255.6 13.26 168787.3 1.63 E-CH3OCOH
E 148,6-138,5 170701.600 292.6 9.45 170701.6 0.66
A 149,6-139,5 170708.842 303.7 8.23 170708.9 0.78
A 149,5-139,4 170708.842 303.7 8.23 ” † ”
E 147,7-137,6 171053.094 282.5 10.53 171053.3 0.89 E-CH3OCOH
A 147,8-137,7 171056.818 282.4 10.50 171057.1 1.04
A 147,7-137,6 171057.883 282.4 10.50 ” † ”
A 146,9-136,8 171444.983 273.8 11.42 171444.9 0.69
A 146,8-136,7 171474.023 273.8 11.42 171474.0 0.75
A 151,14-141,13 173188.580 258.7 14.55 173185.1 2.66 E-CH3OCOH
E 151,14-141,13 173452.699 258.1 14.63 173452.9 1.38
A 161,16-151,15 173641.411 260.9 15.82 173638.1 3.66 E-CH3OCOH
A 160,16-150,15 173660.281 260.9 15.82 173660.3 2.30
E 161,16-151,15 173706.683 260.1 15.90 ... ... SiO
E 160,16-150,15 173724.731 260.1 15.90 173724.4 1.58
E 161,16-150,15 173747.990 260.1 14.07 173747.9 0.65
A 142,12-132,11 174539.547 254.7 13.50 174539.6 1.42
A 152,14-141,13 174553.136 258.8 10.10 ... ... E/A-CH3OCOH
A 144,10-134,9 175749.843 261.2 12.84 175749.9 1.05
E 144,10-134,9 175757.729 260.8 12.69 175757.8 1.13
E 197,12-196,13 176524.557 332.5 9.69 ... ... A-CH3OCOH, CH3CH2
13CN
E 113,9-102,8 177694.995 232.3 3.66 177695.2 0.21
E 166,11-156,10 197411.655 291.5 13.79 197411.6 0.68
E 165,11-155,10 198384.885 284.9 14.40 198384.9 0.66
E 165,12-155,11 198578.563 284.4 14.35 198578.6 0.76
E 65,1-54,1 200863.284 217.1 4.32 200863.3 0.63
E 173,15-163,14 202805.731 282.7 16.37 202805.6 4.05 ?
A 164,12-154,11 203493.009 280.0 15.02 203493.0 4.15 ?
E 164,12-154,11 204136.446 279.7 15.04 204136.6 8.53 CH3OCH3,
34SO2
E 181,17-172,16 204216.635 286.0 12.84 204216.6 0.81
A 181,17-171,16 204454.106 286.6 17.55 204454.3 4.01
E 182,17-172,16 204510.955 286.1 17.62 204510.9 5.12
13CH3CH2CN
A 163,13-153,12 204533.737 276.7 15.41 204533.6 5.40 CH3OCH3
E 181,17-171,16 204707.365 286.0 17.62 204707.3 4.23 ?
A 182,17-171,16 204768.053 286.6 13.15 204768.0 0.89
E 163,13-153,12 205176.300 276.3 15.46 205176.3 4.18
A 198,12-197,13 205526.937 342.3 9.54 205526.9 0.59 U-line
E 172,15-162,14 205922.616 282.3 16.43 205922.6 4.09 CH3CH2CN
E 1710,7-1610,6 207096.767 344.9 11.14 207096.6 2.75 CH3CH2CN 320=1, NH2
13CHO
A 168,8-167,9 207162.350 310.6 7.36 207162.4 0.61 (CH3)2CO
A 168,9-167,10 207173.223 310.6 7.36 207173.1 0.39
A 1714,3-1614,2 207327.805 408.7 5.50 207327.6 2.23 ?
A 1714,4-1614,3 207327.805 408.7 5.50 ” † ” ?
A 1713,4-1613,3 207331.815 390.6 7.09 207331.7 2.59
A 1713,5-1613,4 207331.815 390.6 7.09 ” † ”
A 1715,2-1615,1 207334.532 428.1 3.79 207334.2 1.64 ?
A 1715,3-1615,2 207334.532 428.1 3.79 ” † ” ?
A 1712,5-1612,4 207353.952 373.9 8.56 207353.9 2.20
A 1712,6-1612,5 207353.952 373.9 8.56 ” † ”
E 179,8-169,7 207397.275 332.1 12.26 207397.2 3.80 CH3CH2CN, E-CH3OD, SO
18O
A 94,5-83,6 207398.957 225.4 3.77 207398.8† 2.08 ”
A 1711,6-1611,5 207404.959 358.6 9.91 207404.8 3.25
A 1711,7-1611,6 207404.959 358.6 9.91 ” † ”
A 1710,8-1610,7 207500.283 344.5 11.14 207500.3 3.01
A 1710,7-1610,6 207500.283 344.5 11.14 ” † ”
A 158,7-157,8 207532.111 301.2 6.63 207532.2 0.26
A 158,8-157,9 207536.436 301.2 6.63 207536.3 0.61 U-line
E 1712,6-1612,5 207538.657 373.8 8.58 207538.5† 1.35 ”
E 1711,7-1611,6 207725.686 358.3 9.94 207725.6 1.48 E-CH3CHO
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Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 94,5-83,5 208235.678 225.0 3.36 208235.6 0.71
E 179,9-169,8 208240.132 331.5 12.30 208240.0 2.21
E 178,10-168,9 208630.811 320.1 13.29 208630.6 2.72
E 174,14-164,13 208776.279 288.5 16.03 208776.3 3.89
A 176,11-166,10 209320.067 302.2 14.88 209320.0 3.60 A-CH3OCOH 3t=2
E 176,12-166,11 210120.757 301.6 14.93 210120.6 3.24
E 175,12-165,11 211814.973 295.1 15.35 211814.9 3.76
A 183,16-173,15 213250.919 293.4 17.30 213250.9 3.85
A 192,18-182,17 214816.945 297.0 17.04 214816.9 3.69
E 182,16-172,15 215979.944 292.7 17.41 215979.9 4.34
A 173,14-163,13 216327.065 287.1 16.39 216327.0 3.92
E 173,14-163,13 216958.834 286.7 16.44 216958.6 4.19
E 174,13-164,12 218108.438 290.2 16.16 218108.3 3.57
E 1811,7-1711,6 219154.534 369.5 11.30 219154.6 1.96 CH3CH2CN
E 1810,8-1710,7 219411.703 355.4 12.47 219411.6 2.50 CH3
18OH
A 1812,6-1712,5 219622.694 384.5 10.04 219622.6 2.60
A 1812,7-1712,6 219622.694 384.5 10.04 ” † ”
E 1813,6-1713,5 219642.403 401.2 8.66 219642.2 1.22
A 1810,9-1710,8 219822.126 355.1 12.47 219822.3 3.32
A 1810,8-1710,7 219822.126 355.1 12.47 ” † ”
E 1812,7-1712,6 219827.149 384.3 10.05 219827.0 1.55
E 188,10-178,9 220258.096 331.3 14.48 220258.0 2.80
A 187,12-177,11 220913.955 321.3 15.29 220913.9 2.94
A 187,11-177,10 220946.352 321.3 15.29 220946.2 3.29 E-CH3OCOH
A 186,13-176,12 221692.344 312.8 16.00 221692.3 4.04 E-CH3OCOH
E 185,14-175,13 223534.727 305.3 16.30 223534.6 4.04 ?
A 251,24-251,25 225040.758 369.4 1.70 225040.9 0.39 ?
A 251,24-250,25 225040.758 369.4 4.42 ” † ” ?
E 85,3-74,3 225042.127 225.9 4.42 225042.2† 0.86 ?
A 210,21-201,20 226381.356 310.1 19.38 226382.9 5.48
A 211,21-201,20 226382.719 310.1 20.85 ” † ”
A 210,21-200,20 226383.864 310.1 20.85 226383.8† 5.06
A 211,21-200,20 226385.154 310.1 19.38 ” † ”
E 183,15-173,14 228211.291 297.7 17.41 228211.3 4.27
E 1916,3-1816,2 230851.687 471.2 5.54 230844.3 0.34 SO
17O
A 184,14-174,13 230878.810 301.5 17.17 230851.6 0.39
E 1915,4-1815,3 230888.681 450.4 7.18 ... ... t-H
13COOH, CCO
E 1915,5-1815,4 231569.546 450.0 7.20 231569.29 0.58
E 184,14-174,13 231724.157 301.3 17.24 231724.0 4.45
E 1914,6-1814,5 231734.860 430.5 8.73 231738.2 1.52 CH3
18OH, t-CH3CH2OH
E 1910,9-1810,8 231749.757 366.5 13.77 231749.6 2.94 CH3CHO
A 1911,9-1811,8 232002.595 380.2 12.67 232002.5 4.04
A 1911,8-1811,7 232002.595 380.2 12.67 ” † ”
E 199,10-189,9 232160.193 353.8 14.77 232160.0 3.90 CH3CH2CN
A 1910,10-1810,9 232164.437 366.2 13.77 232164.4 5.42
13CH3CN
A 1910,9-1810,8 232164.437 366.2 13.77 ” † ” ”
E 1910,10-1810,9 232683.931 366.0 13.81 232683.9 2.26
A 202,18-193,17 232713.990 315.3 11.53 232713.9 0.59
E 198,11-188,10 232738.618 342.5 15.67 232738.6 2.55
E 220,22-211,21 236975.184 320.7 19.86 236975.9 6.05
E 221,22-211,21 236975.844 320.7 21.94 ” † ”
E 220,22-210,21 236976.390 320.7 21.94 236978.1† 2.16
E 221,22-210,21 236977.050 320.7 19.86 ” † ”
E 189,9-188,10 236981.886 342.7 7.92 236981.9 0.55
A 195,14-185,13 239610.154 317.6 17.70 239610.0 4.99
A 204,17-194,16 242610.072 322.2 19.07 242610.0 5.10
E 2013,7-1913,6 243325.371 424.5 11.58 243325.3 1.66 U-line
E 2011,9-1911,8 243766.260 392.3 13.98 243766.3 2.62 OCS 32=1
A 271,26-271,27 244061.909 397.7 1.71 244066.7 5.12
A 271,26-270,27 244061.946 397.7 3.14 ” † ”
A 272,26-271,27 244064.350 397.7 3.14 ” † ”
A 272,26-270,27 244064.387 397.7 1.71 ” † ”
A 194,15-184,14 244066.670 313.2 18.22 ” † ”
A 2014,6-1914,5 244073.580 442.1 10.25 244073.6 2.41
A 2014,7-1914,6 244073.580 442.1 10.25 ” † ”
E 2010,10-1910,9 244112.419 378.3 15.04 244112.5 3.03
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Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
A 2013,7-1913,6 244119.662 424.0 11.60 244119.8 3.00
A 2013,8-1913,7 244119.662 424.0 11.60 ” † ”
A 212,19-203,18 244122.133 327.1 12.58 244122.0 1.10
A 2012,8-1912,7 244198.300 407.3 12.85 244198.3 3.43
A 2012,9-1912,8 244198.300 407.3 12.85 ” † ”
E 2013,8-1913,7 244207.136 424.0 11.61 244207.1 1.97 CH3CHO 3t=1
A 2010,11-1910,10 244528.537 378.0 15.04 244528.6 4.50
A 2010,10-1910,9 244528.537 378.0 15.04 ” † ”
E 208,13-198,12 246184.177 353.8 16.87 246184.0 3.20
A 212,19-202,18 246187.016 327.1 20.32 246187.1 4.17
E 222,21-212,20 246706.504 330.4 21.64 246706.3 4.66
E 221,21-211,20 246731.729 330.4 21.64 246731.6 4.29
A 230,23-221,22 247468.835 333.4 21.28 247469.5 7.30
A 231,23-221,22 247469.249 333.4 22.86 ” † ”
A 230,23-220,22 247469.585 333.4 22.86 ” † ”
A 231,23-220,22 247469.999 333.4 21.28 ” † ”
A 213,19-202,18 247502.219 327.2 12.61 247502.3 0.73
E 230,23-221,22 247515.653 332.6 20.79 247516.2 7.73
E 231,23-221,22 247516.012 332.6 22.95 ” † ”
E 230,23-220,22 247516.312 332.6 22.95 ” † ”
E 231,23-220,22 247516.671 332.6 20.79 ” † ”
A 203,17-193,16 248715.840 321.4 19.24 248715.9 5.03
A 86,3-75,2 250063.404 233.4 5.61 250063.0 1.25
A 86,2-75,3 250063.998 233.4 5.61 250063.9† 1.24
A 214,18-204,17 253807.849 334.4 20.08 253807.9 3.79
E 2112,9-2012,8 255809.484 420.0 14.18 255809.3 1.68 C
13CH
A 223,20-213,19 256048.804 339.5 21.31 256048.9 4.04 A-CH3OCOH
E 2115,7-2015,6 256071.907 474.0 10.34 256071.7 1.16 E-CH3OCOH
E 2111,10-2011,9 256103.021 404.6 15.27 256103.0 1.93
E 2114,8-2014,7 256275.972 454.5 11.73 256275.9 1.86
A 2116,5-2016,4 256275.972 454.5 8.86 ” † ”
A 2116,6-2016,5 256275.972 454.5 8.86 ” † ”
A 2115,6-2015,5 256299.660 473.8 10.35 256299.6 1.90
A 2115,7-2015,6 256299.660 473.8 10.35 ” † ”
A 222,20-212,19 256537.497 339.4 21.32 256537.6 4.08
E 2112,10-2012,9 256776.839 419.5 14.22 256776.6 1.74
A 204,16-194,15 256789.148 325.6 19.24 256789.2 4.08
E 222,20-212,19 256910.443 339.1 21.39 256910.3 4.41
A 2110,12-2010,11 256915.926 390.3 16.28 256916.0 4.12
A 2110,11-2010,10 256915.926 390.3 16.28 ” † ”
A 232,22-222,21 256999.358 343.3 22.57 256999.3 3.86
A 231,22-221,21 257015.472 343.3 22.57 257015.4 4.30
A 240,24-231,23 258010.378 345.8 22.23 258010.6 7.20
A 241,24-231,23 258010.754 345.8 23.87 ” † ”
A 240,24-230,23 258010.754 345.8 23.87 ” † ”
A 241,24-230,23 258011.019 345.8 22.23 ” † ”
E 219,13-209,12 258037.974 377.4 17.23 258037.8 2.93
E 240,24-231,23 258054.742 345.0 21.70 258054.9 9.64
E 241,24-231,23 258055.043 345.0 23.97 ” † ”
E 240,24-230,23 258055.043 345.0 23.97 ” † ”
E 241,24-230,23 258055.296 345.0 21.70 ” † ”
A 215,17-205,16 258701.047 341.1 19.77 258701.0 3.93
E 216,16-206,15 261234.608 348.1 18.96 261234.6 4.09
E 216,15-206,14 261727.149 348.5 18.99 261727.0 4.05
A 216,15-206,14 261761.225 348.6 19.30 261761.1 4.37
E 96,4-85,4 263460.641 237.9 5.58 263460.6 1.12 (CH3)2CO
A 224,19-214,18 264853.567 347.1 21.09 264853.3 4.47
E 224,19-214,18 265410.861 346.9 21.15 265410.9 4.90
A 233,21-223,20 266627.118 352.3 22.32 266627.0 4.98 U-line
A 232,21-222,20 266940.218 352.2 22.32 266940.3 4.05
E 77,1-66,1 267375.738 236.6 6.44 267375.6 1.54
E 242,23-232,22 267774.438 355.6 23.65 267774.3 4.45
13CH3CN
E 233,21-222,20 267780.164 351.9 14.46 267783.1 4.69 U-line
E 241,23-231,22 267782.994 355.6 23.65 ” † ” ”
E 2218,5-2118,4 267785.665 553.4 7.32 267785.4† 0.82 ”
E 2212,10-2112,9 268125.641 432.9 15.49 268125.6 2.02
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Table B.3. continued.
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 2216,7-2116,6 268134.591 507.7 10.42 268134.5 1.14
E 2215,8-2115,7 268336.710 486.8 11.84 268336.6 1.08
E 2211,11-2111,10 268461.963 417.5 16.54 268461.9 2.35 CH3OCH3
A 2218,4-2118,3 268476.140 552.9 7.33 268476.2 0.84
A 2218,5-2118,4 268476.140 552.9 7.33 ” † ”
A 2217,5-2117,4 268496.385 529.5 8.92 268496.4 0.79
A 2217,6-2117,5 268496.385 529.5 8.92 ” † ”
A 2216,6-2116,5 268521.688 507.4 10.43 268521.7 1.10
A 2216,7-2116,6 268521.688 507.4 10.43 ” † ”
A 250,25-241,24 268550.512 358.6 23.16 268550.8 6.83 A-CH3OCOH
A 251,25-241,24 268550.714 358.6 24.88 ” † ” ”
A 250,25-240,24 268550.714 358.6 24.88 ” † ” ”
A 251,25-240,24 268550.865 358.6 23.16 ” † ” ”
E 250,25-241,24 268592.469 357.9 22.74 268592.6 5.19
E 251,25-241,24 268592.604 357.9 24.96 ” † ”
E 250,25-240,24 268592.604 357.9 24.96 ” † ”
E 251,25-240,24 268592.769 357.9 22.74 ” † ”
A 2214,8-2114,7 268613.561 467.3 13.16 268613.5 1.78
A 2214,9-2114,8 268613.561 467.3 13.16 ” † ”
A 2213,9-2113,8 268699.137 449.2 14.38 268699.3 3.12
A 2213,10-2113,9 268699.137 449.2 14.38 ” † ”
A 223,19-213,18 268700.539 346.7 21.16 268700.5† 3.97
E 223,19-213,18 269154.933 346.5 21.22 269154.6 3.64
E 229,13-219,12 269547.693 361.8 7.67 269547.6 2.11
E 225,18-215,17 271400.844 354.0 20.86 271400.9 3.36
E 226,17-216,16 273653.253 361.2 19.96 273653.3 2.63
A 226,16-216,15 275483.282 361.8 20.38 275483.3 2.94
E 226,16-216,15 275739.989 361.8 20.00 275739.9 4.01 (CH3)2CO
A 234,20-224,19 275766.695 360.3 22.10 275766.5 4.05
E 234,20-224,19 276300.275 360.1 22.16 276300.3 4.01
A 243,22-233,21 277182.741 365.6 23.32 277182.6 3.83
E 106,4-95,4 277196.342 244.4 5.47 277196.2 0.84
A 242,22-232,21 277380.387 365.6 23.32 277380.3 4.37
E 243,22-233,21 277563.993 365.2 23.38 277563.9 3.79 H2C
18O
A 251,24-242,23 278061.390 369.4 19.95 ... ... E-CH3OCOH
A 252,24-242,23 278068.761 369.4 24.58 278068.5 4.85
E 260,26-251,25 279128.814 371.3 24.27 279128.9 7.09
E 261,26-251,25 279128.852 371.3 25.87 ” † ”
E 260,26-250,25 279128.852 371.3 25.87 ” † ”
E 261,26-250,25 279128.975 371.3 24.27 ” † ”
Note.- Emission lines of CH3OCOH in its first torsional state (3t=1) shown in Figs. 4, A.5, A.6, and A.7. Column 1 indicates the symmetry
substate of the torsional mode, Col. 2 gives the quantic numbers of the line transition, Col. 3 the predicted frequency in the laboratory, Col. 4
upper level energy, Col. 5 the line strength, Col. 6 observed frequency at the peak channel of the line (relative to a vLS R of 7.5 kms
−1) , Col. 7
main beam temperature at the peak channel of the line, and Col. 8 shows the blending with other molecular species.
† blended with the previous line.
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Table B.4. Lines of A-CH3OCOH and E-CH3OCOH in its second excited state 3t=2.
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 75,3-65,2 82719.621 370.9 4.82 82719.5 0.09
A 75,3-65,2 86386.663 366.7 3.62 86386.6 0.10
A 75,2-65,1 86387.492 366.7 3.62 ” † ”
A 81,8-71,7 88969.135 351.7 8.32 88969.3 0.15
A 80,8-70,7 89991.032 351.6 8.35 89991.0 0.16
E 80,8-70,7 90203.744 359.1 7.68 90203.6 0.20 E-CH3COOH
A 82,7-72,6 96530.207 355.6 7.90 96530.3 0.13
E 84,5-74,4 96541.385 370.4 7.23 96541.4 0.10
A 85,4-75,3 98853.561 371.5 5.16 98853.5 0.10
A 85,3-75,2 98856.860 371.5 5.16 98857.0 0.10
E 85,3-75,2 99220.919 380.6 3.56 99220.9 0.09
A 84,5-74,4 99273.219 364.9 6.36 99273.4 0.12
A 91,9-81,8 99640.582 365.5 9.37 99640.6 0.18
A 90,9-80,8 100313.473 356.5 9.41 100313.3 0.18
E 90,9-80,8 101176.155 364.0 8.73 101176.0 0.29
A 83,5-73,4 101200.619 359.8 7.30 101200.6 0.19
E 92,7-82,6 106869.804 370.6 8.35 106869.9 0.20
A 100,10-90,9 110675.449 361.8 10.46 110675.6 0.29
A 93,7-83,6 111660.126 365.0 8.47 111660.0 0.18
E 95,4-85,3 111701.673 385.9 5.08 111701.6 0.12
E 100,10-90,9 111703.096 369.3 9.78 111702.9† 0.23
E 94,5-84,4 112115.985 379.5 6.25 112115.9 0.14
A 94,5-84,4 112168.025 370.2 7.64 112168.0 0.17
A 93,6-83,5 114871.546 365.4 8.47 114871.6 0.27
E 102,9-92,8 114877.105 374.0 9.64 114877.0 0.29
E 112,10-102,9 126147.591 380.0 10.69 126147.6 0.34
E 117,4-108,3 128218.926 415.4 6.51 128218.9 0.16
E 119,2-109,1 128222.610 436.9 3.59 128222.7 0.08
E 205,16-204,17 129483.779 478.7 12.26 129483.9 0.06
E 112,9-102,8 129485.906 382.5 10.54 129485.8† 0.28
A 112,10-102,9 130387.606 372.8 11.18 130387.6 0.24
A 121,12-111,11 131357.893 373.9 12.57 131357.9 0.30
A 120,12-110,11 131511.578 373.9 12.57 131511.6 0.24
E 113,9-103,8 133039.459 384.6 10.58 133039.6 0.32
A 113,9-103,8 135998.978 377.5 10.76 135998.9 0.22
E 116,5-106,4 136523.344 406.4 6.70 136523.3 0.11
A 115,7-105,6 136565.345 389.3 9.22 136565.3 0.28
A 114,7-104,6 138316.884 382.9 10.09 138316.9 0.40
E 131,13-121,12 141304.634 388.4 13.14 141304.6 0.43
E 202,18-201,19 141874.617 465.2 6.85 141874.6 0.06
A 131,13-121,12 141877.293 380.7 13.62 141877.1† 0.41
E 125,8-115,7 144121.885 399.5 10.31 144121.9 0.33
A 126,7-116,6 148437.884 404.5 9.48 148437.9 0.23
A 126,6-116,5 148444.645 404.5 9.48 148444.6 0.15
E 1210,3-1110,2 148896.826 446.1 3.80 148896.6 0.06
E 129,4-119,3 148910.629 433.7 5.42 148910.8 0.09
E 128,5-118,4 148931.478 422.9 6.85 148931.4 0.16
A 125,7-115,6 149407.509 396.5 10.46 149407.3 0.26
E 132,11-122,10 153905.568 396.7 12.61 153905.6 0.48
A 131,12-121,11 153918.954 386.7 13.32 153918.9 0.49
A 123,9-113,8 156873.735 385.9 11.97 156873.6 0.44
A 133,11-123,10 159650.250 392.3 12.95 159650.3 0.48
A 161,16-151,15 173379.246 404.2 16.79 173379.3 0.84
A 160,16-150,15 173395.520 404.2 16.79 173395.4 0.66
E 165,12-155,11 201677.008 434.4 14.68 201677.0 1.30 CH2OHCHO
E 182,17-172,16 203315.226 437.4 18.22 203315.3 1.51 U-line
A 182,17-172,16 205224.393 431.0 18.59 205224.3 1.53 A-CH3OCOH 3t=1
A 200,20-191,19 215335.365 442.5 15.79 215336.9 1.76
A 201,20-191,19 215337.015 442.5 21.04 ” † ”
A 200,20-190,19 215338.467 442.5 21.04 215338.4† 1.91
A 201,20-190,19 215340.117 442.5 15.79 ” † ”
E 193,17-183,16 221567.335 454.6 19.01 221567.3 1.40
A 158,7-157,8 225524.144 449.7 5.84 225524.6 0.28
E 239,15-238,16 225524.751 551.8 15.01 ” † ”
E 211,21-201,20 225537.464 460.9 21.79 225537.2 1.60
E 210,21-200,20 225553.397 460.9 21.79 225553.4 2.20
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Table B.4. continued.
Torsional substate Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
E 185,14-175,13 225570.961 455.5 16.94 225570.8 2.22
E 211,21-200,20 225574.143 460.9 16.80 225573.9† 0.90
A 210,21-201,20 225822.369 453.3 16.63 225822.9 2.50
A 211,21-201,20 225823.241 453.3 22.09 ” † ”
A 210,21-200,20 225824.019 453.3 22.09 225823.9† 2.50
A 211,21-200,20 225824.891 453.3 16.63 ” † ”
A 193,17-183,16 226211.859 449.6 19.34 226211.9 1.54
A 202,19-192,18 226218.904 452.2 20.66 226218.9 1.61
A 185,13-175,12 230398.004 452.9 17.54 230398.0 1.40
E 221,22-211,21 236028.499 472.2 22.88 236028.3 1.79
E 2010,10-1910,9 236037.055 530.7 15.02 236037.5 2.74
E 220,22-210,21 236037.568 472.2 22.88 ” † ”
E 1910,10-1810,9 236093.086 512.8 14.23 236093.1 1.79
A 197,12-187,11 236093.172 480.5 17.24 ” † ”
A 220,22-211,21 236307.969 464.7 17.47 236308.5 2.69
A 221,22-211,21 236308.427 464.7 23.18 ” † ”
A 220,22-210,21 236308.841 464.7 23.18 ” † ”
A 221,22-210,21 236309.299 464.7 17.47 ” † ”
E 197,13-187,12 236341.227 480.4 16.75 236341.1 1.10
A 209,12-199,11 245497.407 514.9 16.60 245497.9 2.03 E-CH3OCOH 3t=0
A 209,11-199,10 245497.832 514.9 16.60 ” † ” ”
E 222,21-212,20 245501.019 481.5 22.54 245500.8† 1.89
A 230,23-221,22 246792.322 476.5 18.30 246792.6 3.23
A 231,23-221,22 246792.561 476.5 24.24 ” † ”
A 230,23-220,22 246792.780 476.5 24.24 ” † ”
A 231,23-220,22 246793.019 476.5 18.30 ” † ”
E 212,19-202,18 247555.062 477.1 20.96 247555.0 1.73
E 214,17-204,16 254923.867 488.1 20.55 254923.9 1.60
E 240,24-231,23 257004.621 496.4 19.16 257008.1 1.78
E 241,24-231,23 257008.274 496.4 25.07 ” † ”
E 240,24-230,23 257011.166 496.4 25.07 257010.9† 1.69
E 241,24-230,23 257014.819 496.4 19.16 ” † ”
A 241,23-232,22 268131.980 500.7 16.91 268139.8 1.66
A 242,23-232,22 268139.815 500.7 24.88 ” † ”
A 241,23-231,22 268146.274 500.7 24.88 268146.1 1.89
A 242,23-231,22 268154.110 500.7 16.91 ” † ”
E 238,15-228,14 273284.896 544.2 20.36 273284.9 0.75
A 224,18-214,17 285413.574 499.5 22.28 285413.6 1.72
A 236,18-226,17 288691.334 523.2 22.47 288691.3 1.39
A 270,27-261,26 288717.679 528.9 21.47 288717.5 2.78
A 271,27-261,26 288717.696 528.9 28.53 ” † ”
A 270,27-260,26 288717.712 528.9 28.53 ” † ”
A 271,27-260,26 288717.728 528.9 21.47 ” † ”
Note.- Emission lines of CH3OCOH in its second torsional state (3t=2) shown in Fig. 5. Column 1 indicates the symmetry substate of the
torsional mode, Col. 2 gives the quantic numbers of the line transition, Col. 3 the predicted frequency in the laboratory, Col. 4 upper level energy,
Col. 5 the line strength, Col. 6 observed frequency at the peak channel of the line (relative to a vLS R of 7.5 kms
−1) , Col. 7 main beam temperature
at the peak channel of the line, and and Col. 8 shows the blending with other molecular species.
† blended with the previous line.
45
462 Ape´ndice E: Lopez et al. 2017, en preparacio´n
A. Lo´pez et al.: C2H4O2 isomers in Orion KL
Table B.5. Lines of A-CH3COOH and E-CH3COOH in its ground state 3t=0.
Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
E 80,8-71,7 90203.436 20.3 16.30 ... ... U-line
E 81,8-71,7 90203.438 20.3 5.29 ... † ... ”
E 80,8-70,7 90203.454 20.3 5.29 ... † ... ”
E 81,8-70,7 90203.456 20.3 16.30 ... † ... ”
A 80,8-71,7 90246.236 20.3 16.10 90246.4 0.03
A 81,8-71,7 90246.239 20.3 5.52 ” † ”
A 80,8-70,7 90246.266 20.3 5.52 ” † ”
A 81,8-70,7 90246.270 20.3 16.10 ” † ”
E 81,7-72,6 100168.704 23.9 13.70 100169.1 0.02
E 82,7-72,6 100168.964 23.9 4.80 ” † ”
E 81,7-71,6 100170.698 23.9 4.80 ” † ”
E 82,7-71,6 100170.957 23.9 13.70 ” † ”
E 90,9-81,8 100855.427 25.2 18.50 100855.4 0.04
E 91,9-81,8 100855.427 25.2 5.94 ” † ”
E 90,9-80,8 100855.429 25.2 5.94 ” † ”
E 91,9-80,8 100855.429 25.2 18.50 ” † ”
A 90,9-81,8 100897.454 25.2 18.20 100897.3 0.03
A 91,9-81,8 100897.455 25.2 6.25 ” † ”
A 90,9-80,8 100897.458 25.2 6.25 ” † ”
A 91,9-80,8 100897.458 25.2 18.20 ” † ”
E 144,10-144,11 103356.454 79.8 1.83 103357.1 0.02
E 144,10-143,11 103356.459 79.8 9.53 ” † ”
E 145,10-144,11 103356.671 79.8 9.53 ” † ”
E 145,10-143,11 103356.676 79.8 1.83 ” † ”
E 122,10-121,11 104069.573 53.2 5.00 ... ... U-line
E 122,10-122,11 104069.573 53.2 0.99 ... † ... ”
E 123,10-122,11 104069.578 53.2 5.00 ... † ... ”
E 123,10-121,11 104069.578 53.2 0.99 ... † ... ”
A 144,10-144,11 104077.734 80.1 1.99 104077.9 0.13
A 144,10-143,11 104077.745 80.1 9.42 ” † ”
A 145,10-144,11 104078.173 80.1 9.42 ” † ”
A 145,10-143,11 104078.184 80.1 1.99 ” † ”
A 2414,11-2413,12 104078.588 266.3 29.00 ” † ”
A 133,10-133,11 104574.956 66.2 1.56 ... ... A-CH3OCOH, U-line
A 133,10-132,11 104574.957 66.2 7.21 ... † ... ”
A 134,10-133,11 104575.032 66.2 7.21 ... † ... ”
A 134,10-132,11 104575.034 66.2 1.56 ... † ... ”
E 55,1-44,1 108912.992 15.3 8.68 ... ... E-CH3OCOH, SiS
A 55,1-44,0 110179.735 15.6 8.81 110179.7 0.03 U-line
A 83,6-72,5 110499.979 27.0 11.00 110499.8 0.02 U-line
E 91,8-82,7 110817.244 29.2 15.90 110817.5 0.04
E 92,8-82,7 110817.276 29.2 5.47 ” † ”
E 91,8-81,7 110817.503 29.2 5.47 ” † ”
E 92,8-81,7 110817.535 29.2 15.90 ” † ”
A 91,8-82,7 110954.111 29.3 15.70 110954.6 0.05
A 92,8-82,7 110954.171 29.3 5.69 ” † ”
A 91,8-81,7 110954.555 29.3 5.69 ” † ”
A 92,8-81,7 110954.615 29.3 15.70 ” † ”
E 100,10-91,9 111507.280 30.5 20.80 111507.3 0.05
E 101,10-91,9 111507.280 30.5 6.57 ” † ”
E 101,10-90,9 111507.280 32.8 20.80 ” † ”
E 100,10-90,9 111507.280 32.8 6.57 ” † ”
A 100,10-91,9 111548.535 30.5 20.40 111548.4 0.05
A 101,10-91,9 111548.535 30.5 6.98 ” † ”
A 101,10-90,9 111548.536 30.5 20.40 ” † ”
A 100,10-90,9 111548.536 30.5 6.98 ” † ”
E 165,11-165,12 112917.632 105.4 2.20 112917.9 0.02
E 165,11-164,12 112917.636 105.4 11.80 ” † ”
E 166,11-165,12 112917.799 105.4 11.80 ” † ”
E 166,11-164,12 112917.803 105.4 2.20 ” † ”
E 154,11-164,12 113374.050 89.7 1.81 113374.0 0.05 CH2
13CHCN
E 154,11-163,12 113374.051 89.7 9.64 ” † ” ”
E 155,11-164,12 113374.081 89.7 9.64 ” † ” ”
E 155,11-163,12 113374.082 89.7 9.64 ” † ” ”
E 175,12-175,13 122958.695 116.7 2.16 ... ... U-line
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Table B.5. continued.
Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
E 175,12-174,13 122958.696 116.7 12.00 ... † ... ”
E 176,12-175,13 122958.720 116.7 12.00 ... † ... ”
E 176,12-174,13 122958.721 116.7 2.16 ... † ... ”
A 186,12-186,13 123075.281 134.8 2.88 123075.6 0.02
A 186,12-185,13 123075.291 134.8 13.90 ” † ”
A 187,12-186,13 123075.558 134.8 13.90 ” † ”
A 187,12-185,13 123075.568 134.8 2.88 ” † ”
A 175,12-175,13 123702.870 117.0 2.49 123703.1 0.06 CH2CHCN 315= 1, CH2
13CN
A 175,12-174,13 123702.872 117.0 11.70 ” † ”
A 176,12-175,13 123702.929 117.0 11.70 ” † ”
A 176,12-174,13 123702.930 117.0 2.49 ” † ”
E 153,12-153,13 123721.516 84.2 1.35 123721.5 0.05 U-line
E 153,12-152,13 123721.516 84.2 7.50 ” † ” ”
E 154,12-152,13 123721.517 84.2 1.35 ” † ” ”
E 154,12-153,13 123721.517 84.2 7.50 ” † ” ”
E 142,12-141,13 123998.080 69.4 5.13 123998.2 0.04
E 143,12-142,13 123998.080 69.4 5.13 ” † ”
E 143,12-141,13 123998.080 69.4 0.92 ” † ”
E 142,12-142,13 123998.080 69.4 0.92 ” † ”
A 164,12-164,13 124237.659 100.2 2.06 124237.0 0.05 CH2CHCN 311= 2
A 164,12-163,13 124237.659 100.2 9.52 ” † ” ”
A 165,12-164,13 124237.669 100.2 9.52 ” † ” ”
A 165,12-163,13 124237.670 100.2 2.06 ” † ” ”
E 93,6-84,5 130741.908 35.8 10.80 ... ... U-line
E 54,2-41,3 130742.482 14.0 0.50 ... † ... ”
E 93,6-83,5 131086.092 35.8 4.63 ... ... U-line
E 2421,4-2420,5 131086.767 300.8 15.10 ... † ... ”
A 94,6-84,5 131088.231 35.9 4.75 131088.2 0.03 U-line
E 218,13-218,14 131292.010 187.6 3.20 131292.3 0.01
E 218,13-217,14 131292.024 187.6 18.60 ” † ”
E 219,13-218,14 131292.385 187.6 18.60 ” † ”
E 219,13-217,14 131292.399 187.6 3.20 ” † ”
E 102,8-93,7 131449.963 39.1 15.60 ... ... CH3NH2
E 103,8-93,7 131450.249 39.1 5.68 ... † ... ”
E 102,8-92,7 131452.020 39.1 5.68 ... † ... CH2CHCN 311=2
E 103,8-92,7 131452.306 39.1 15.60 ... † ... ”
A 94,6-83,5 131576.929 35.9 10.60 131577.0 0.05 U-line
A 102,8-93,7 131674.811 39.2 15.30 131673.8 0.04 U-line
A 103,8-93,7 131675.331 39.2 5.90 ” † ” ”
A 102,8-92,7 131678.247 39.2 5.90 131679.49 0.03 NH2CHO
A 103,8-92,7 131678.766 39.2 15.30 ” † ” ”
A 218,13-218,14 131720.651 188.0 3.66 131720.7 0.05 U-line
A 218,13-217,14 131720.687 188.0 18.20 ” † ” ”
A 219,13-218,14 131721.470 188.0 18.20 ” † ” ”
A 219,13-217,14 131721.506 188.0 3.66 ” † ” ”
E 207,13-207,14 131954.946 166.9 2.85 ... ...
13CH2CHCN
E 207,13-206,14 131954.948 166.9 16.40 ... † ... ”
E 208,13-207,14 131955.034 166.9 16.40 ... † ... ”
E 208,13-206,14 131955.037 166.9 2.85 ... † ... ”
A 207,13-207,14 132507.582 167.4 3.31 132507.8 0.01
A 207,13-206,14 132507.590 167.4 16.10 ” † ”
A 208,13-207,14 132507.789 167.4 16.10 ” † ”
A 208,13-206,14 132507.797 167.4 3.31 ” † ”
E 196,13-196,14 132514.297 147.3 2.48 ... ...
13CH3CH2CN, U-line
E 196,13-195,14 132514.297 147.3 14.30 ... † ... ”
E 197,13-196,14 132514.316 147.3 14.30 ... † ... ”
E 197,13-195,14 132514.316 147.3 2.48 ... † ... ”
E 120,12-111,11 132810.366 42.7 25.90 132810.4 0.07
E 121,12-110,11 132810.366 42.7 25.90 ” † ”
E 120,12-110,11 132810.366 42.7 7.33 ” † ”
E 121,12-111,11 132810.366 42.7 7.33 ” † ”
A 120,12-111,11 132850.106 42.8 24.90 132850.1 0.07
A 121,12-110,11 132850.106 42.8 24.90 ” † ”
A 120,12-110,11 132850.106 42.8 8.31 ” † ”
A 121,12-111,11 132850.106 42.8 8.31 ” † ”
A 196,13-196,14 133190.972 147.6 2.93 133191.2 0.03
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Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
A 196,13-195,14 133190.973 147.6 13.90 ” † ”
A 197,13-196,14 133191.019 147.6 13.90 ” † ”
A 197,13-195,14 133191.020 147.6 2.93 ” † ”
A 66,1-55,0 133251.594 22.0 11.00 133251.7 0.06 A-CH3OCOH
E 163,13-163,14 133695.347 94.1 1.17 133696.2 0.04 CH3CHO 3t=2, CH2CHCN
E 163,13-162,14 133695.347 94.1 7.72 ” † ” ”
E 164,13-162,14 133695.347 94.1 1.17 ” † ” ”
E 164,13-163,14 133695.347 94.1 7.72 ” † ” ”
E 153,13-151,14 133957.571 78.3 1.79 133957.9 0.03 U-line
E 152,13-152,14 133957.571 78.3 1.79 ” † ” ”
E 152,13-151,14 133957.571 78.3 1.79 ” † ” ”
E 153,13-152,14 133957.571 78.3 1.79 ” † ” ”
A 86,2-76,1 133960.025 33.9 2.75 ... ... U-line
E 142,13-140,14 134168.437 63.5 2.71 134168.4 0.02
E 141,13-141,14 134168.437 63.5 2.71 ” † ”
E 141,13-140,14 134168.437 63.5 0.41 ” † ”
E 142,13-141,14 134168.437 63.5 0.41 ” † ”
A 174,13-174,14 134295.630 111.1 2.10 134295.5 0.05
A 174,13-173,14 134295.630 111.1 9.56 ” † ”
A 175,13-173,14 134295.632 111.1 2.10 ” † ”
A 175,13-174,14 134295.632 111.1 9.56 ” † ”
E 94,5-85,4 139021.421 38.3 7.62 139021.8 0.05
A 85,4-74,3 139043.733 31.8 6.42 139043.1 0.02
A 2511,14-2511,15 139044.609 274.1 4.70 139045.0† 0.02
A 2511,14-2510,15 139044.004 274.1 24.60 139045.0† 0.02
E 103,7-94,6 141476.268 42.6 13.00 141476.5 0.03
E 103,7-93,6 141542.966 42.6 5.28 ... ... U-line
E 104,7-93,6 141554.413 42.6 13.00 141554.4 0.03
A 103,7-94,6 141775.598 42.7 12.80 ... ... U-line
A 104,7-93,6 141895.366 42.7 12.80 141895.7 0.02
E 112,9-103,8 142091.560 45.9 17.80 142091.6 0.12
E 113,9-103,8 142091.597 45.9 6.33 ” † ”
E 112,9-102,8 142091.846 45.9 6.33 ” † ”
E 113,9-102,8 142091.884 45.9 17.80 ” † ”
A 112,9-103,8 142313.602 46.0 17.50 142313.6 0.08
A 113,9-103,8 142313.677 46.0 6.62 ” † ”
A 112,9-102,8 142314.122 46.0 6.62 ” † ”
A 113,9-102,8 142314.196 46.0 17.50 ” † ”
E 206,14-206,15 142559.736 160.6 2.37 142559.7 0.05
E 206,14-205,15 142559.736 160.6 14.50 ” † ”
E 207,14-206,15 142559.736 160.6 14.50 ” † ”
E 207,14-205,15 142559.736 160.6 2.37 ” † ”
E 121,11-112,10 142764.642 48.2 22.70 ... ... CH3CH2
13CN
E 122,11-112,10 142764.642 48.2 7.34 ... † ... ”
E 121,11-111,10 142764.643 48.2 7.34 ... † ... ”
E 122,11-111,10 142764.643 48.2 22.70 ... † ... ”
A 206,14-206,15 143281.081 161.0 2.99 143281.1 0.03
A 206,14-205,15 143281.081 161.0 14.00 ” † ”
A 207,14-206,15 143281.089 161.0 14.00 ” † ”
A 207,14-205,15 143281.089 161.0 2.99 ” † ”
E 130,13-121,12 143461.524 49.6 30.80 143461.5 0.23 U-line
E 131,13-120,12 143461.524 49.6 30.80 ” † ” ”
E 130,13-120,12 143461.524 49.6 5.29 ” † ” ”
E 131,13-121,12 143461.524 49.6 5.29 ” † ” ”
A 195,14-194,15 143846.989 141.3 11.80 143847.4 0.06
A 195,14-195,15 143846.989 141.3 2.57 ” † ”
A 196,14-195,15 143846.990 141.3 11.80 ” † ”
A 196,14-194,15 143846.991 141.3 2.57 ” † ”
E 162,14-161,15 143914.403 87.7 2.12 143914.5 0.03
E 163,14-162,15 143914.403 87.7 2.12 ” † ”
E 163,14-161,15 143914.403 87.7 3.97 ” † ”
E 162,14-162,15 143914.403 87.7 3.97 ” † ”
A 184,14-184,15 144342.667 122.5 2.12 144342.6 0.06
A 184,14-183,15 144342.667 122.5 9.60 ” † ”
A 185,14-183,15 144342.667 122.5 2.12 ” † ”
A 185,14-184,15 144342.667 122.5 9.60 ” † ”
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Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
A 174,14-172,15 144775.558 104.7 1.80 144775.6 0.04
A 173,14-173,15 144775.558 104.7 1.80 ” † ”
A 173,14-172,15 144775.558 104.7 1.80 ” † ”
A 174,14-173,15 144775.558 104.7 1.80 ” † ”
A 163,14-161,15 145152.355 87.7 3.00 145152.6 0.04
A 162,14-162,15 145152.355 87.7 3.00 ” † ”
A 162,14-161,15 145152.355 87.7 3.12 ” † ”
A 163,14-162,15 145152.355 87.7 3.12 ” † ”
A 95,5-84,4 145205.349 38.5 7.95 145205.3 0.03
E 76,1-65,1 148696.498 27.5 8.56 ... ... U-line
E 2611,15-2611,16 149276.449 292.4 4.08 149276.9 0.03
E 2611,15-2610,16 149276.477 292.4 25.30 ” † ”
E 2612,15-2611,16 149277.070 292.4 25.30 ” † ”
E 2612,15-2610,16 149277.098 292.4 4.08 ” † ”
A 76,1-65,2 150908.093 27.5 8.87 ... ... U-line
E 104,6-95,5 151162.032 45.6 10.30 ... ... U-line
A 104,6-95,5 151326.876 45.8 10.00 151327.1 0.02
A 238,15-238,16 152044.752 219.2 3.82 152044.9 0.03
A 238,15-237,16 152044.753 219.2 18.30 ” † ”
A 239,15-238,16 152044.779 219.2 18.30 ” † ”
A 239,15-237,16 152044.780 219.2 3.82 ” † ”
E 227,15-227,16 152110.350 196.1 2.58 152110.6 0.02 CH3CH2CN, E-CH3OCOH
E 227,15-226,16 152110.350 196.1 17.00 ” † ” ”
E 228,15-227,16 152110.352 196.1 17.00 ” † ” ”
E 228,15-226,16 152110.352 196.1 2.58 ” † ” ”
E 113,8-104,7 152114.541 49.9 15.30 ... ... CH3CH2CN, E-CH3OCOH
E 114,8-104,7 152116.337 49.9 5.93 ... † ... ”
A 227,15-227,16 152736.196 196.6 3.44 ... ... CH3OH
A 227,15-226,16 152736.197 196.6 16.20 ... † ... ”
A 228,15-227,16 152736.203 196.6 16.20 ... † ... ”
A 228,15-226,16 152736.203 196.6 3.44 ... † ... ”
E 205,15-204,16 152998.019 153.8 12.70 ... ... CH2CHCN 311=2, CH3
13CH2CN
E 206,15-205,16 152998.019 153.8 12.70 ... † ... ”
E 206,15-204,16 152998.019 153.8 1.69 ... † ... ”
E 205,15-205,16 152998.019 153.8 1.69 ... † ... ”
A 105,6-94,5 153251.768 45.8 10.10 153251.8 0.04 CH2CHCN 311=2,
13CH3CH2CN
E 195,15-193,16 153342.329 134.1 2.02 153342.6 0.05
E 194,15-194,16 153342.329 134.1 2.02 ” † ”
E 194,15-193,16 153342.329 134.1 9.71 ” † ”
E 195,15-194,16 153342.329 134.1 9.71 ” † ”
A 216,15-215,16 153350.871 174.9 14.00 ... ... A-CH3OCOH, E-CH3OCOH
A 216,15-216,16 153350.871 174.9 3.04 ... † ... ”
A 217,15-216,16 153350.872 174.9 14.00 ... † ... ”
A 217,15-215,16 153350.872 174.9 3.04 ... † ... ”
E 131,12-122,11 153413.859 55.6 25.10 153413.9 0.10
E 132,12-122,11 153413.859 55.6 7.91 ” † ”
E 132,12-121,11 153413.859 55.6 25.10 ” † ”
E 131,12-121,11 153413.859 55.6 7.91 ” † ”
A 131,12-122,11 153545.713 55.7 24.30 153545.7 0.08
A 132,12-122,11 153545.713 55.7 8.64 ” † ”
A 132,12-121,11 153545.714 55.7 24.30 ” † ”
A 131,12-121,11 153545.714 55.7 8.64 ” † ”
E 184,15-182,16 153630.344 115.3 0.16 153630.6 0.02
E 183,15-183,16 153630.344 115.3 0.16 ” † ”
E 183,15-182,16 153630.344 115.3 8.81 ” † ”
E 184,15-183,16 153630.344 115.3 8.81 ” † ”
A 205,15-204,16 153896.648 154.1 11.80 ... ... U-line
A 205,15-205,16 153896.648 154.1 2.61 ... † ... ”
A 206,15-205,16 153896.648 154.1 11.80 ... † ... ”
A 206,15-204,16 153896.648 154.1 2.61 ... † ... ”
E 140,14-131,13 154112.386 57.0 11.60 154110.7 0.24 (CH3)2CO
E 141,14-130,13 154112.386 57.0 11.60 ” † ” ”
E 140,14-130,13 154112.386 57.0 27.40 ” † ” ”
E 141,14-131,13 154112.386 61.1 27.40 ” † ” ”
E 141,14-131,13 154112.386 61.1 5.84 ” † ” ”
A 140,14-130,13 154150.659 57.1 3.36 154150.9 0.12
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Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
A 141,14-131,13 154150.659 57.1 3.36 ” † ”
A 140,14-131,13 154150.659 57.1 35.60 ” † ”
A 141,14-130,13 154150.659 57.1 35.60 ” † ”
E 77,1-66,1 154354.509 29.0 13.20 154354.6 0.04
A 95,4-85,3 154827.786 40.2 4.72 ... ...
A 105,5-96,4 155734.077 48.2 6.16 155734.2 0.03 U-line
A 77,0-66,1 156272.154 29.5 13.20 156271.9 0.03
E 2711,16-2711,17 159543.987 311.7 3.96 159544.3 0.05 U-line
E 2711,16-2710,17 159543.991 311.7 25.60 ” † ” ”
E 2712,16-2711,17 159544.098 311.7 25.60 ” † ” ”
E 2712,16-2710,17 159544.102 311.7 3.96 ” † ” ”
E 115,7-104,6 162455.164 53.4 12.60 ... ... CH2CHCN 311=2
E 123,9-114,8 162742.955 57.7 17.50 ... ...
33SO2, E-CH3OCOH
E 124,9-114,8 162743.218 57.7 6.57 ... † ... ”
E 123,9-113,8 162744.751 57.7 6.57 ... † ... ”
E 124,9-113,8 162745.014 57.7 17.50 ... † ... ”
A 226,16-225,17 163403.945 189.2 14.10 ... ... U-line
A 226,16-226,17 163403.945 189.2 3.09 ... † ... ”
A 227,16-226,17 163403.945 189.2 14.10 ... † ... ”
A 227,16-225,17 163403.945 189.2 3.09 ... † ... ”
E 141,13-132,12 164062.852 63.5 27.80 164062.9 0.13
E 142,13-131,12 164062.852 63.5 27.80 ” † ”
E 141,13-131,12 164062.852 63.5 8.12 ” † ”
E 142,13-132,12 164062.852 63.5 8.12 ” † ”
E 150,15-140,14 164762.926 64.9 13.50 164762.5 0.25 U-line
E 151,15-141,14 164762.926 64.9 13.50 ” † ” ”
E 150,15-141,14 164762.926 64.9 28.40 ” † ” ”
E 151,15-140,14 164762.926 64.9 28.40 ” † ” ”
A 150,15-141,14 164800.487 65.0 11.70 164798.1 0.33 U-line
A 151,15-140,14 164800.487 65.0 11.70 ” † ” ”
A 150,15-140,14 164800.487 65.0 30.20 ” † ” ”
A 151,15-141,14 164800.487 65.0 30.20 ” † ” ”
A 107,3-97,2 170087.129 51.0 4.05 170087.3 0.13
A 87,2-76,1 171324.610 35.7 11.30 ... ... U-line
E 133,10-124,9 173375.257 66.0 19.70 173375.6 0.31
E 134,10-124,9 173375.293 66.0 7.20 ” † ”
E 133,10-123,9 173375.519 66.0 7.20 ” † ”
E 134,10-123,9 173375.556 66.0 19.70 ” † ”
E 151,14-141,13 174711.537 71.8 15.20 174711.6 0.42 CH3OCH3
E 152,14-142,13 174711.537 71.8 15.20 ” † ” ”
E 151,14-142,13 174711.537 71.8 23.60 ” † ” ”
E 152,14-141,13 174711.537 71.8 23.60 ” † ” ”
A 151,14-141,13 174841.224 71.9 12.20 ... ...
13CH2CHCN,
13CH3CH2CN,
A 152,14-142,13 174841.224 71.9 12.20 ... † ... E-CH3OCOH
A 151,14-142,13 174841.224 71.9 26.50 ... † ... ”
A 152,14-141,13 174841.224 71.9 26.50 ... † ... ”
E 160,16-150,15 175413.122 73.4 44.70 ... ... CH3CHO 3t=1, A-CH3OCOH
E 161,16-151,15 175413.122 73.4 44.70 ... † ... ”
A 160,16-151,15 175449.982 73.4 11.90 175449.7 0.35 U-line
A 161,16-150,15 175449.982 73.4 11.90 ” † ” ”
A 160,16-150,15 175449.982 73.4 32.90 ” † ” ”
A 161,16-151,15 175449.982 73.4 32.90 ” † ” ”
A 180,18-170,17 196747.892 91.8 12.80 196748.1 0.10
A 181,18-171,17 196747.892 91.8 12.80 ” † ” ”
A 180,18-171,17 196747.892 91.8 37.80 ” † ” ”
A 181,18-170,17 196747.892 91.8 37.80 ” † ” ”
E 99,1-88,1 199873.852 47.1 17.60 199873.7 0.15
E 99,0-88,0 200425.435 47.7 17.60 200425.7 0.24
E 145,9-136,8 204171.089 84.3 16.80 ... ... CH3
13CH2CN, U-line
E 146,9-135,8 204213.479 84.3 16.80 ... ... CCS
A 145,9-136,8 204607.577 84.5 16.40 204607.2 0.07
A 145,9-135,8 204666.712 84.5 7.39 204668.2 0.22
E 154,11-145,10 204667.655 89.7 21.70 ” † ”
E 155,11-145,10 204667.686 89.7 8.07 ” † ”
E 154,11-144,10 204667.872 89.7 8.07 ” † ”
E 155,11-144,10 204667.903 89.7 21.70 ” † ”
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Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
A 146,9-135,8 204678.184 84.5 16.40 204677.9 0.09
A 154,11-145,10 205023.758 89.9 21.10 205023.8 0.28
A 155,11-145,10 205023.828 89.9 8.53 ” † ”
A 154,11-144,10 205024.197 89.9 8.53 ” † ”
A 155,11-144,10 205024.267 89.9 21.10 ” † ”
A 163,13-154,12 205571.050 94.3 25.80 205571.0 0.22
A 164,13-154,12 205571.050 94.3 9.76 ” † ”
A 163,13-153,12 205571.051 94.3 9.76 ” † ”
A 164,13-153,12 205571.052 94.3 25.80 ” † ”
E 172,15-163,14 205962.120 97.5 37.30 ... ... CH3CH2CN, U-line
E 173,15-162,14 205962.120 97.5 37.30 ... † ... ”
E 172,15-162,14 205962.120 97.5 4.18 ... † ... ”
E 173,15-163,14 205962.120 97.5 4.18 ... † ... ”
E 128,4-118,3 205963.499 71.6 4.96 ... † ... ”
E 181,17-171,16 206655.181 100.1 1.33 206654.6 0.54
E 182,17-172,16 206655.181 100.1 1.33 ” † ”
E 181,17-172,16 206655.181 100.1 46.10 ” † ”
E 182,17-171,16 206655.181 100.1 46.10 ” † ”
E 137,6-128,5 206803.225 80.6 6.91 206803.1 0.02
E 190,19-180,18 207361.422 101.7 22.10 207361.6 0.22
E 191,19-181,18 207361.422 101.7 22.10 ” † ”
E 190,19-181,18 207361.422 101.7 31.40 ” † ”
E 191,19-180,18 207361.422 101.7 31.40 ” † ”
A 108,3-97,2 208597.448 52.9 11.50 208597.5 0.29
E 108,3-97,3 208736.402 52.4 10.50 208736.2 0.28
A 108,2-97,3 212470.096 53.0 11.30 ... ... A-CH3OCOH
A 146,8-137,7 214661.125 88.5 13.60 214660.6 0.32 A-CH3OCOH
E 156,10-146,9 214760.818 94.6 7.75 214759.7 0.12 CH3NH2
E 155,10-145,9 214766.203 94.6 7.75 214766.4 0.13 U-line
E 156,10-145,9 214766.203 94.6 19.00 ” † ” ”
E 147,8-136,7 214959.007 88.2 14.00 214959.0 0.14
A 164,12-155,11 215642.336 100.2 23.30 215642.5 0.16
A 165,12-155,11 215642.347 100.2 9.25 ” † ”
A 164,12-154,11 215642.406 100.2 9.25 ” † ”
A 165,12-154,11 215642.416 100.2 23.30 ” † ”
E 173,14-164,13 215931.507 104.4 29.20 215931.6 0.25 /g+−g-/-CH3CH2OH
E 174,14-164,13 215931.507 104.4 9.26 ” † ” ”
E 173,14-163,13 215931.507 104.4 9.26 ” † ” ”
E 174,14-163,13 215931.507 104.4 29.20 ” † ” ”
E 109,1-98,1 216388.399 55.4 15.70 ... ... U-line
E 182,16-173,15 216607.211 107.9 36.20 216607.1 0.29
E 183,16-172,15 216607.211 107.9 36.20 ” † ”
E 182,16-172,15 216607.211 107.9 8.21 ” † ”
E 183,16-173,15 216607.211 107.9 8.21 ” † ”
A 182,16-173,15 216811.791 108.1 12.50 216811.6 0.31
A 183,16-172,15 216811.791 108.1 12.50 ” † ”
A 182,16-172,15 216811.791 108.1 31.80 ” † ”
A 183,16-173,15 216811.791 108.1 31.80 ” † ”
A 191,18-181,17 217428.127 110.6 20.20 217428.4 0.70
13CN
A 192,18-182,17 217428.127 110.6 20.20 ” † ” ”
A 191,18-182,17 217428.127 110.6 20.20 ” † ” ”
A 192,18-181,17 217428.127 110.6 20.20 ” † ” ”
A 191,18-181,17 217428.127 110.6 20.20 217428.3 0.70 HCC
13CN
A 192,18-182,17 217428.127 110.6 20.20 ” † ” ”
A 191,18-182,17 217428.127 110.6 30.10 ” † ” ”
A 192,18-181,17 217428.127 110.6 30.10 ” † ” ”
A 109,2-98,1 217473.888 55.5 15.80 217474.2 0.15
A 109,1-98,2 217714.818 55.5 15.80 ... ... U-line
E 200,20-190,19 218010.022 112.1 23.90 218010.0 0.21
E 201,20-191,19 218010.022 112.1 23.90 ” † ”
E 200,20-191,19 218010.022 112.1 32.60 ” † ”
E 201,20-190,19 218010.022 112.1 32.60 ” † ”
A 200,20-191,19 218044.215 112.2 15.30 218044.4 0.46
A 201,20-190,19 218044.215 112.2 15.30 ” † ”
A 200,20-190,19 218044.215 112.2 41.20 ” † ”
A 201,20-191,19 218044.215 112.2 41.20 ” † ”
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Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
E 137,6-127,5 219194.637 80.6 6.33 ... ... CH2CHCN 311=2, E-CH3OCOH
E 128,5-117,4 220286.773 70.7 7.49 ... ... U-line
A 137,6-127,5 220336.860 80.8 6.58 220337.1 0.12 CH2CHCN 311=2
E 147,7-138,6 222456.760 91.5 10.50 222456.8 0.20
E 1010,1-99,1 222653.999 57.8 19.80 ... ... E-CH3OCOH, E-CH3O
13COH
A 287,22-285,23 223476.376 286.2 14.00 223476.4 0.12 U-line
A 286,22-286,23 223476.376 286.2 14.00 ” † ” ”
A 286,22-285,23 223476.376 286.2 3.63 ” † ” ”
A 287,22-286,23 223476.376 286.2 3.63 ” † ” ”
E 156,9-147,8 224957.535 99.0 16.30 224957.6 0.16
A 156,9-147,8 225435.035 99.3 16.00 ... ... U-line
E 174,13-165,12 225926.462 110.8 26.30 ... ... A-CH3OCOH
E 175,13-165,12 225926.463 110.8 9.14 ... † ... ”
E 174,13-164,12 225926.467 110.8 9.14 ... † ... ”
E 175,13-164,12 225926.467 110.8 26.30 ... † ... ”
A 174,13-165,12 226265.469 111.1 25.40 ... ... CH2OHCHO, CH3NH2
A 175,13-165,12 226265.471 111.1 9.98 ... † ... ”
A 174,13-164,12 226265.480 111.1 9.98 ... † ... ”
A 175,13-164,12 226265.481 111.1 25.40 ... † ... ”
E 183,15-174,14 226572.817 115.3 31.50 226572.6 0.11
E 184,15-173,14 226572.817 115.3 31.50 ” † ”
E 183,15-173,14 226572.817 115.3 9.81 ” † ”
E 184,15-174,14 226572.817 115.3 9.81 ” † ”
A 183,15-173,14 226844.496 115.5 11.20 ... ... CH3OH 3t=1, U-line
A 184,15-174,14 226844.496 115.5 11.20 ... † ... ”
A 183,15-174,14 226844.496 115.5 30.10 ... † ... ”
A 184,15-173,14 226844.496 115.5 30.10 ... † ... ”
E 192,17-182,16 227251.864 118.8 3.30 227251.9 0.28
E 193,17-183,16 227251.864 118.8 3.30 ” † ”
E 192,17-183,16 227251.864 118.8 44.00 ” † ”
E 193,17-182,16 227251.864 118.8 44.00 ” † ”
A 3815,23-3814,24 227453.385 605.2 33.60 227454.5 0.38
A 3815,23-3815,24 227453.385 605.2 6.97 ” † ”
A 3816,23-3815,24 227453.385 605.2 33.60 ” † ”
A 3816,23-3816,24 227453.385 605.2 6.97 ” † ”
A 192,17-182,16 227454.435 119.0 20.50 ” † ”
A 193,17-183,16 227454.435 119.0 20.50 ” † ”
A 192,17-183,16 227454.435 119.0 26.70 ” † ”
A 193,17-182,16 227454.435 119.0 26.70 ” † ”
E 201,19-191,18 227948.547 121.4 0.21 227948.6 0.36
E 202,19-192,18 227948.547 121.4 0.21 ” † ”
E 201,19-192,18 227948.547 121.4 53.00 ” † ”
E 202,19-191,18 227948.547 121.4 53.00 ” † ”
A 201,19-192,18 228073.754 121.6 15.90 228073.3 0.17
A 202,19-191,18 228073.754 121.6 15.90 ” † ”
A 201,19-191,18 228073.754 121.6 37.40 ” † ”
A 202,19-192,18 228073.754 121.6 37.40 ” † ”
E 210,21-200,20 228658.172 123.1 17.30 228657.9 0.46
E 211,21-201,20 228658.172 123.1 17.30 ” † ”
E 210,21-201,20 228658.172 123.1 42.00 ” † ”
E 211,21-200,20 228658.172 123.1 42.00 ” † ”
A 210,21-200,20 228691.729 123.2 1.21 228691.9 0.32
A 211,21-201,20 228691.729 123.2 1.21 ” † ”
A 210,21-201,20 228691.729 123.2 58.10 ” † ”
A 211,21-200,20 228691.729 123.2 58.10 ” † ”
A 147,7-137,6 228744.365 91.8 6.88 228744.3 0.11
E 1411,3-1311,2 229530.903 100.6 4.15 229530.9 0.03
A 1410,5-1310,4 230766.574 97.7 5.32 230766.5 0.04 CH2OHCHO
E 119,3-108,3 231462.153 63.5 13.40 231462.6 0.15
E 119,2-108,2 232178.775 64.0 13.50 232178.7 0.30
A 157,8-148,7 235019.381 103.2 12.90 235018.8 0.27 CH3CH2C
15N
E 184,14-175,13 236560.226 122.2 28.80 236560.3 0.37
E 185,14-175,13 236560.226 122.2 9.54 ” † ”
E 184,14-174,13 236560.227 122.2 9.54 ” † ”
E 185,14-174,13 236560.227 122.2 28.80 ” † ”
A 184,14-175,13 236891.531 122.5 27.60 236891.6 0.26
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A 185,14-175,13 236891.532 122.5 10.70 ” † ”
A 184,14-174,13 236891.533 122.5 10.70 ” † ”
A 185,14-174,13 236891.533 122.5 27.60 ” † ”
E 193,16-183,15 237214.119 128.6 11.50 237214.0 0.82 E-CH3OCOH 3t=2
E 194,16-184,15 237214.119 128.6 11.50 ” † ” ”
E 193,16-184,15 237214.119 126.7 32.70 ” † ” ”
E 194,16-183,15 237214.119 126.7 32.70 ” † ” ”
A 157,8-147,7 237237.036 103.2 7.41 237236.7 0.21 A-CH3OCOH, U-line
A 202,18-193,17 238096.658 130.5 50.10 ... ... CH2CHCN 311=1
A 203,18-192,17 238096.658 130.5 50.10 ... † ... ”
E 1110,2-109,2 238547.665 66.3 18.00 238548.6 0.19 U-line
E 211,20-202,19 238594.419 132.9 4.29 238594.5 0.30
E 212,20-201,19 238594.419 132.9 4.29 ” † ”
E 211,20-201,19 238594.419 132.9 51.90 ” † ”
E 212,20-202,19 238594.419 132.9 51.90 ” † ”
A 211,20-201,19 238718.881 133.0 0.41 238718.1 0.35 HCCCN (34+337)
A 212,20-202,19 238718.881 133.0 0.41 ” † ” ”
A 211,20-202,19 238718.881 133.0 55.70 ” † ” ”
A 212,20-201,19 238718.881 133.0 55.70 ” † ” ”
E 1110,1-109,1 238898.960 66.9 18.00 238900.1 0.31 NH2CHO
E 220,22-211,21 239305.851 134.6 12.40 239305.9 0.20
E 221,22-210,21 239305.851 134.6 12.40 ” † ”
E 220,22-210,21 239305.851 134.6 49.80 ” † ”
E 221,22-211,21 239305.851 134.6 49.80 ” † ”
A 220,22-211,21 239338.784 134.6 15.90 239339.1 1.13 SO
18O, U-line
A 221,22-210,21 239338.784 134.6 15.90 ” † ” ”
A 220,22-210,21 239338.784 134.6 46.30 ” † ” ”
A 221,22-211,21 239338.784 134.6 46.30 ” † ” ”
A 1110,1-109,2 240355.220 67.1 18.00 240354.8 0.09
A 285,24-283,25 244417.721 264.2 4.68 244417.6 0.05 t-HCOOD
A 284,24-284,25 244417.721 264.2 4.68 ” † ” ”
A 284,24-283,25 244417.721 264.2 7.43 ” † ” ”
A 285,24-284,25 244417.721 264.2 7.43 ” † ” ”
A 129,4-118,3 244747.138 73.6 11.50 244747.4 0.23 U-line
E 1111,1-1010,1 245444.940 69.6 22.00 245444.4 0.03 A-CH3OCOH
E 176,11-167,10 246093.214 122.1 20.90 246093.6 0.12
E 177,11-167,10 246093.991 122.1 8.65 ” † ”
E 176,11-166,10 246097.792 122.1 8.65 246098.5 0.23
E 177,11-166,10 246098.569 122.1 20.90 ” † ”
A 167,9-158,8 246229.600 115.0 15.40 ... ... NH2D
A 168,9-158,8 246370.321 115.0 8.03 246370.4 0.03
E 185,13-176,12 246584.848 128.6 25.90 246585.3 0.36
E 186,13-176,12 246584.851 128.6 9.45 ” † ”
E 185,13-175,12 246584.872 128.6 9.45 ” † ”
E 186,13-175,12 246584.876 128.6 25.90 ” † ”
A 168,9-157,8 246966.210 115.0 15.40 246966.5 0.28 CH2CHCN 311=2
A 185,13-176,12 246972.022 128.9 25.10 246971.9 0.26 A-CH3O
13COH
A 186,13-176,12 246972.032 128.9 10.20 ” † ” ”
A 185,13-175,12 246972.081 128.9 10.20 ” † ” ”
A 186,13-175,12 246972.090 128.9 25.10 ” † ” ”
E 194,15-185,14 247195.409 134.1 31.50 247195.5 0.41 A-CH3O
13COH, A-CH3OCOH
E 195,15-184,14 247195.409 134.1 31.50 ” † ” ”
E 194,15-184,14 247195.409 134.1 9.75 ” † ” ”
E 195,15-185,14 247195.409 134.1 9.75 ” † ” ”
A 194,15-185,14 247519.427 134.1 29.70 ... ... HCOOH
A 195,15-185,14 247519.427 134.1 11.50 ... † ... ”
A 194,15-184,14 247519.427 134.1 11.50 ... † ... ”
A 195,15-184,14 247519.427 134.1 29.70 ... † ... ”
A 1510,6-1410,5 247755.405 109.6 6.39 247755.9 0.10 CH3CH2
13CN
E 203,17-193,16 247855.202 138.6 39.00 247855.1 0.19
E 204,17-194,16 247855.202 138.6 39.00 ” † ”
E 203,17-194,16 247855.202 138.6 8.14 ” † ”
E 204,17-193,16 247855.202 138.6 8.14 ” † ”
A 203,17-193,16 248118.794 138.9 12.50 248117.9 0.22
A 204,17-194,16 248118.794 138.9 12.50 ” † ”
A 203,17-194,16 248118.794 138.9 34.60 ” † ”
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A 204,17-193,16 248118.794 138.9 34.60 ” † ”
E 212,19-202,18 248539.582 142.2 22.90 ... † ... CH2CHCN, CH2CHCN 311=2
E 213,19-203,18 248539.582 142.2 22.90 ... † ... ”
E 212,19-203,18 248539.582 142.2 30.10 ... † ... ”
E 213,19-202,18 248539.582 142.2 30.10 ... † ... ”
A 212,19-202,18 248738.400 142.4 45.50 ... † ... CH2CHCN 315=1, E-CH3OCOH
A 213,19-203,18 248738.400 142.4 45.50 ... † ... ”
A 212,19-203,18 248738.400 142.4 7.52 ... † ... ”
A 213,19-202,18 248738.400 142.4 7.52 ... † ... ”
E 221,21-211,20 249239.716 144.9 1.32 249239.6 0.36 CH3CH2
13CN
E 222,21-212,20 249239.716 144.9 1.32 ” † ” ”
E 221,21-212,20 249239.716 144.9 57.70 ” † ” ”
E 222,21-211,20 249239.716 144.9 57.70 ” † ” ”
A 221,21-211,20 249363.480 145.0 3.89 249363.3 0.26
A 222,21-212,20 249363.480 145.0 3.89 ” † ”
A 221,21-212,20 249363.480 145.0 55.10 ” † ”
A 222,21-211,20 249363.480 145.0 55.10 ” † ”
E 230,23-221,22 249953.038 146.6 29.50 249953.1 0.18
E 231,23-220,22 249953.038 146.6 29.50 ” † ”
E 230,23-220,22 249953.038 146.6 35.60 ” † ”
E 231,23-221,22 249953.038 146.6 35.60 ” † ”
A 230,23-221,22 249985.360 146.6 28.50 249985.0 0.94 CH3CH2CN, CH3CHO 3t=1
A 231,23-220,22 249985.360 146.6 28.50 ” † ” ”
A 230,23-220,22 249985.360 146.6 36.70 ” † ” ”
A 231,23-221,22 249985.360 146.6 36.70 ” † ” ”
A 139,5-128,4 252121.729 83.8 9.61 252121.8 0.37 U-line
E 306,25-304,26 252717.483 310.4 7.15 252717.3 0.07 SO
17O
E 305,25-305,26 252717.483 310.4 7.15 ” † ” ”
E 305,25-304,26 252717.483 310.4 7.77 ” † ” ”
E 306,25-305,26 252717.483 310.4 7.77 ” † ” ”
A 129,3-118,4 252930.941 73.7 11.00 252931.1 0.22 SO
17O, U-line
E 1210,2-119,2 254760.866 76.3 15.90 254761.9 0.09 A-CH3OCOH
E 168,8-159,7 254762.997 118.5 12.50 ” † ” ”
A 149,6-138,5 255150.318 94.9 9.04 255150.8 0.03
A 1210,3-119,2 255737.223 76.4 16.10 ... ... CH3CH2
13CN, U-line
E 169,8-159,7 255832.627 118.5 7.53 255831.9 0.12 CH3CH2CN
A 169,8-159,7 256156.115 118.9 7.72 256156.5 0.09 U-line
A 1210,2-119,3 256500.454 76.4 16.00 ... ... E-CH3OCHO 3t=1
E 186,12-177,11 256675.851 134.4 23.20 ... ...
13CH3OH,
13CH3CH2CN
E 187,12-177,11 256675.975 134.4 9.23 ... † ... ”
E 186,12-176,11 256676.628 134.4 9.23 ... † ... ”
E 187,12-176,11 256676.752 134.4 23.20 ... † ... ”
E 204,16-195,15 257831.354 146.4 34.60 ... ... E-CH3OCHO 3t=1, CH3
13CH2CN,
E 205,16-194,15 257831.354 146.4 34.60 ... † ... E-CH3OCOH
E 204,16-194,15 257831.354 146.4 9.47 ... † ... ”
E 205,16-195,15 257831.354 146.4 9.47 ... † ... ”
E 222,20-212,19 259182.541 154.6 1.55 259182.5 0.18
E 223,20-213,19 259182.541 154.6 1.55 ” † ”
E 222,20-213,19 259182.541 154.6 54.40 ” † ”
E 223,20-212,19 259182.541 154.6 54.40 ” † ”
A 222,20-212,19 259379.607 154.8 14.30 259379.6 0.30
A 223,20-213,19 259379.607 154.8 14.30 ” † ”
A 222,20-213,19 259379.607 154.8 41.60 ” † ”
A 223,20-212,19 259379.607 154.8 41.60 ” † ”
E 169,8-158,7 259547.792 118.5 12.70 259548.2 0.06
A 168,8-158,7 259701.679 118.8 7.82 259701.5 0.18 CCS
E 231,22-222,21 259884.412 157.3 0.19 259884.6 1.6 CH3CH2CN 313/321
E 232,22-221,21 259884.412 157.3 0.19 ” † ” ”
E 231,22-221,21 259884.412 157.3 61.80 ” † ” ”
E 232,22-222,21 259884.412 157.3 61.80 ” † ” ”
A 231,22-222,21 260007.527 157.5 21.40 ... ... CH3OCH3, t-CH3CH2OH,
A 232,22-221,21 260007.527 157.5 21.40 ... † ... CH2
13CHCN, CH2CH
13CN
A 231,22-221,21 260007.527 157.5 40.50 ... † ... ”
A 232,22-222,21 260007.527 157.5 40.50 ... † ... ”
A 240,24-231,23 260631.436 159.1 20.30 260631.4 0.23
A 241,24-230,23 260631.436 159.1 20.30 ” † ”
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A 240,24-230,23 260631.436 159.1 47.70 ” † ”
A 241,24-231,23 260631.436 159.1 47.70 ” † ”
E 1211,2-1110,2 261346.426 78.9 20.20 261346.4 0.12
E 1211,1-1110,1 261411.291 79.4 20.20 261411.3 0.26
A 159,6-149,5 261925.438 108.5 7.75 261925.6 0.09
A 1612,4-1512,3 264119.662 128.7 5.46 264119.9 0.05
E 178,9-169,8 266467.040 131.3 15.20 266466.5 0.24 CH2
13CHCN
E 187,11-178,10 266884.676 139.8 20.50 266884.4 0.06
E 188,11-178,10 266887.840 139.8 8.97 266888.4 0.16 CH2CHCN 311=1
E 188,11-177,10 266904.991 139.8 20.50 266904.6 0.33 U-line
A 187,11-178,10 267389.203 140.2 20.00 267389.1 0.07
A 196,13-187,12 267698.403 147.6 24.80 267698.2 0.85 (CH3)2CO
A 197,13-187,12 267698.449 147.6 10.50 ” † ” ”
A 196,13-186,12 267698.679 147.6 10.50 ” † ” ”
A 197,13-186,12 267698.726 147.6 24.80 ” † ” ”
A 188,11-177,10 267425.544 140.2 20.00 267425.8 0.06
E 205,15-196,14 267833.809 153.8 30.90 267834.1 0.18
E 206,15-196,14 267833.809 153.8 10.20 ” † ”
E 205,15-195,14 267833.810 153.8 10.20 ” † ”
E 206,15-195,14 267833.810 153.8 30.90 ” † ”
E 179,9-168,8 267799.269 131.3 15.20 267799.3 0.15
A 205,15-196,14 268198.078 154.1 29.40 ... ... CH3CH2CN,
13CH2CHCN,
A 206,15-196,14 268198.079 154.1 11.70 ... † ... CH2CHCN 311=1
A 205,15-195,14 268198.080 154.1 11.70 ... † ... ”
A 206,15-195,14 268198.080 154.1 29.40 ... † ... ”
E 214,17-204,16 268467.608 159.3 11.80 ... ... CH3OCH3
E 215,17-205,16 268467.608 159.3 11.80 ... † ... ”
E 214,17-205,16 268467.608 159.3 35.20 ... † ... ”
E 215,17-204,16 268467.608 159.3 35.20 ... † ... ”
A 214,17-204,16 268778.003 159.6 13.00 268778.0 0.40
A 215,17-205,16 268778.003 159.6 13.00 ” † ”
A 214,17-205,16 268778.003 159.6 33.90 ” † ”
A 215,17-204,16 268778.003 159.6 33.90 ” † ”
A 1310,4-129,3 269622.116 86.6 13.80 269622.4 0.39
A 1212,1-1111,0 269701.395 83.4 24.20 269702.0 0.30
A 1212,0-1111,1 269701.977 83.4 24.20 ” † ”
E 232,21-223,20 269824.844 167.6 28.40 269824.7 0.29
E 233,21-222,20 269824.844 167.6 28.40 ” † ”
E 232,21-222,20 269824.844 167.6 30.40 ” † ”
E 233,21-223,20 269824.844 167.6 30.40 ” † ”
E 1310,4-129,4 269900.783 86.0 12.60 269900.2 0.40 CH3CH2CN 313/321
A 232,21-223,20 270020.235 167.8 28.70 270020.2 0.46
A 233,21-222,20 270020.235 167.8 28.70 ” † ”
A 232,21-222,20 270020.235 167.8 30.10 ” † ”
A 233,21-223,20 270020.235 167.8 30.10 ” † ”
A 241,23-232,22 270650.996 170.5 24.40 270651.2 0.28
A 242,23-231,22 270650.996 170.5 24.40 ” † ”
A 241,23-231,22 270650.996 170.5 40.50 ” † ”
A 242,23-232,22 270650.996 170.5 40.50 ” † ”
E 250,25-241,24 271245.857 172.1 62.10 ... ... A-CH3OCOH
E 251,25-240,24 271245.857 172.1 62.10 ... † ... ”
E 250,25-240,24 271245.857 172.1 8.86 ... † ... ”
E 251,25-241,24 271245.857 172.1 8.86 ... † ... ”
A 250,25-241,24 271276.991 172.2 23.70 271276.6 0.36
A 251,25-240,24 271276.991 172.2 23.70 ” † ”
A 250,25-240,24 271276.991 172.2 47.20 ” † ”
A 251,25-241,24 271276.991 172.2 47.20 ” † ”
A 179,8-1610,7 272567.754 135.3 10.70 272568.3 0.14
A 139,4-128,5 277131.953 84.3 7.68 277134.6 0.44 U-line
E 188,10-179,9 277219.294 144.6 17.70 277219.6 0.27 A-CH3OCOH, CH2CHCN 311=2
E 1311,2-1210,2 277306.696 89.6 18.20 277306.8 0.35 U-line
E 197,12-187,11 277433.861 153.1 9.55 277434.0 0.41 CH2CHCN 311=2
E 198,12-187,11 277434.406 153.1 22.80 ” † ” ”
A 206,14-197,13 278288.141 161.0 26.90 278287.8 0.40
A 207,14-197,13 278288.149 161.0 11.20 ” † ”
A 206,14-196,13 278288.188 161.0 11.20 ” † ”
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A 207,14-196,13 278288.196 161.0 26.90 ” † ”
A 215,16-206,15 278815.884 167.5 31.50 278815.9 0.36
A 216,16-206,15 278815.884 167.5 12.40 ” † ”
A 215,16-205,15 278815.884 167.5 12.40 ” † ”
A 216,16-205,15 278815.884 167.5 31.50 ” † ”
E 224,18-215,17 279103.851 172.7 49.80 279103.9 0.39
E 225,18-214,17 279103.851 172.7 49.80 ” † ”
A 224,18-215,17 279407.813 173.1 13.10 279407.5 1.18
A 225,18-215,17 279407.813 173.1 13.10 ” † ”
A 224,18-215,17 279407.813 173.1 36.70 ” † ”
A 225,18-214,17 279407.813 173.1 36.70 ” † ”
E 1610,6-1510,5 279544.740 123.5 7.79 279544.7 0.17
E 234,20-224,19 279775.737 177.3 1.03 279775.6 0.08
E 233,20-223,19 279775.737 177.3 1.03 ” † ”
E 233,20-224,19 279775.737 177.3 54.70 ” † ”
E 234,20-223,19 279775.737 177.3 54.70 ” † ”
A 233,20-224,19 280028.276 177.6 47.70 ... ... OCS 3=2, CH3OCH3
A 234,20-223,19 280028.276 177.6 47.70 ... † ... ”
A 233,20-223,19 280028.276 177.6 8.00 ... † ... ”
A 234,20-224,19 280028.276 177.6 8.00 ... † ... ”
E 242,22-233,21 280466.453 181.0 29.80 280466.5 0.34
E 243,22-232,21 280466.453 181.0 29.80 ” † ”
E 242,22-232,21 280466.453 181.0 32.00 ” † ”
E 243,22-233,21 280466.453 181.0 32.00 ” † ”
A 242,22-232,21 280660.246 181.3 26.10 280660.3 0.37
A 243,22-233,21 280660.246 181.3 26.10 ” † ”
A 242,22-233,21 280660.246 181.3 35.60 ” † ”
A 243,22-232,21 280660.246 181.3 35.60 ” † ”
E 251,24-242,23 281171.910 183.8 67.10 ... ... A-CH3OCHO 3t=1, CH2OHCHO
E 252,24-241,23 281171.910 183.8 67.10 ... † ... ”
E 251,24-241,23 281171.910 183.8 0.69 ... † ... ”
E 252,24-242,23 281171.910 183.8 0.69 ... † ... ”
A 251,24-242,23 281293.865 184.0 15.70 281292.9 0.37
A 252,24-241,23 281293.865 184.0 15.70 ” † ”
A 251,24-241,23 281293.865 184.0 52.00 ” † ”
A 252,24-242,23 281293.865 184.0 52.00 ” † ”
E 260,26-250,25 281891.449 185.6 73.80 ... ... CH2CHCN
E 261,26-251,25 281891.449 185.6 73.80 ... † ... ”
A 260,26-250,25 281922.005 185.7 2.55 ... ... H
13COOH
A 261,26-251,25 281922.005 185.7 2.55 ... † ... ”
A 260,26-251,25 281922.005 185.7 71.30 ... † ... ”
A 261,26-250,25 281922.005 185.7 71.30 ... † ... ”
A 1510,6-149,5 283973.174 109.6 9.88 283973.2 0.15
A 1312,2-1211,2 284149.269 92.5 22.40 ... ... CH3CH2CN, CH2
13CHCN
E 1410,5-139,5 286621.043 97.2 5.61 286620.8 0.15
A 1710,8-169,7 286671.127 135.5 11.60 286670.7 0.35 U-line
E 1810,9-1710,8 287558.912 148.9 8.50 287559.0 0.15 U-line
A 199,11-189,10 288293.646 158.9 9.67 288293.8 0.22
A 198,11-188,10 288369.783 158.9 9.67 288370.2 0.14
A 199,11-188,10 288390.794 158.9 19.50 288391.0 0.41
A 207,13-198,12 288453.601 167.4 24.40 288453.3 0.33
A 208,13-198,12 288453.808 167.4 10.70 ” † ”
A 207,13-197,12 288454.748 167.4 10.70 ” † ”
A 208,13-197,12 288454.956 167.4 24.40 ” † ”
A 216,15-207,14 288885.666 174.9 29.10 288885.7 0.36 CH3SH
A 217,15-207,14 288885.668 174.9 11.90 ” † ” ”
A 216,15-206,14 288885.674 174.9 11.90 ” † ” ”
A 217,15-206,14 288885.675 174.9 29.10 ” † ” ”
A 234,19-225,18 290037.585 187.0 51.80 290037.4 0.32 U-line
A 235,19-224,18 290037.585 187.0 51.80 ” † ” ”
A 234,19-224,18 290037.585 187.0 0.90 ” † ” ”
A 235,19-225,18 290037.585 187.0 0.90 ” † ” ”
E 1313,0-1212,0 290490.325 97.0 26.40 290489.9 0.64
A 243,21-233,20 290663.786 191.6 22.20 290663.9 0.45
A 244,21-234,20 290663.786 191.6 22.20 ” † ”
A 243,21-234,20 290663.786 191.6 36.40 ” † ”
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Table B.5. continued.
Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
A 244,21-233,20 290663.786 191.6 36.40 ” † ”
E 261,25-251,24 291814.665 197.8 64.00 291816.4 0.47 CH2CH
13CN, HCOOD
E 262,25-252,24 291814.665 197.8 64.00 ” † ” ”
E 261,25-252,24 291814.665 197.8 6.66 ” † ” ”
E 262,25-251,24 291814.665 197.8 6.66 ” † ” ”
A 1313,1-1212,0 92319.797 97.4 26.40 292320.2 0.88 U-line
A 1313,0-1212,1 92319.985 97.4 26.40 ” † ” ”
E 270,27-260,26 292536.469 199.7 5.87 292536.2 1.00 CH2OHCHO, U-line
E 271,27-261,26 292536.469 199.7 5.87 ” † ” ”
E 270,27-261,26 292536.469 199.7 70.80 ” † ” ”
E 271,27-260,26 292536.469 199.7 70.80 ” † ” ”
A 270,27-260,26 292566.458 199.7 76.70 292536.2 1.00
A 271,27-261,26 292566.458 199.7 76.70 ” † ” ”
E 1411,4-1310,4 292714.351 100.0 15.70 292714.3 0.16
A 1710,7-1610,6 296019.993 138.0 8.78 296020.3 0.12
A 199,10-1810,9 298506.849 163.6 16.60 298506.7 0.24 CH3CH2CN
A 208,12-199,11 298751.422 173.2 21.80 298751.6 0.11
A 1910,10-1810,9 298789.508 163.6 9.36 298789.1 0.14
A 217,14-208,13 299014.313 181.7 26.60 299014.4 0.27
A 218,14-208,13 299014.349 181.7 11.40 ” † ”
A 217,14-207,13 299014.520 181.7 11.40 ” † ”
A 218,14-207,13 299014.556 181.7 26.60 ” † ”
E 235,18-225,17 299722.040 195.4 12.30 299721.5 0.64
E 236,18-226,17 299722.040 195.4 12.30 ” † ”
E 235,18-226,17 299722.040 195.4 37.40 ” † ”
E 236,18-225,17 299722.040 195.4 37.40 ” † ”
E 1412,2-1311,2 299843.642 104.0 20.40 299843.7 0.38
E 244,20-234,19 300375.414 201.0 21.00 300375.7 0.26
E 245,20-235,19 300375.414 201.0 21.00 ” † ”
E 244,20-235,19 300375.414 201.0 34.60 ” † ”
E 245,20-234,19 300375.414 201.0 34.60 ” † ”
A 244,20-234,19 300667.116 201.4 0.50 300666.4 0.40
A 245,20-235,19 300667.116 201.4 0.50 ” † ”
A 244,20-235,19 300667.116 201.4 55.10 ” † ”
A 245,20-234,19 300667.116 201.4 55.10 ” † ”
E 253,22-244,21 301052.921 205.7 61.60 301052.4 0.93 CH2OHCHO
E 254,22-243,21 301052.921 205.7 61.60 ” † ” ”
A 1412,3-1311,2 301460.317 104.3 20.50 301459.0 0.38 CH3NC
E 262,24-252,23 301747.465 209.5 14.20 301747.5 0.67
E 263,24-253,23 301747.465 209.5 14.20 ” † ”
E 262,24-253,23 301747.465 209.5 53.30 ” † ”
E 263,24-252,23 301747.465 209.5 53.30 ” † ”
A 262,24-252,23 301938.272 209.5 29.30 ... ... (CH3)2CO, U-line
A 263,24-253,23 301938.272 209.5 29.30 ... † ... ”
A 262,24-253,23 301938.272 209.5 38.20 ... † ... ”
A 263,24-252,23 301938.272 209.5 38.20 ... † ... ”
E 271,26-261,25 302456.729 212.3 20.20 ... ... E-CH3OCOH
E 272,26-262,25 302456.729 212.3 20.20 ... † ... ”
E 271,26-262,25 302456.729 212.3 53.30 ... † ... ”
E 272,26-261,25 302456.729 212.3 53.30 ... † ... ”
A 271,26-262,25 302577.710 212.5 33.60 302577.5 0.41
A 272,26-261,25 302577.710 212.5 33.60 ” † ”
A 271,26-261,25 302577.710 212.5 40.00 ” † ”
A 272,26-262,25 302577.710 212.5 40.00 ” † ”
E 280,28-271,27 303180.896 214.2 70.70 303180.8 0.82
E 281,28-270,27 303180.896 214.2 70.70 ” † ”
E 280,28-270,27 303180.896 214.2 8.89 ” † ”
E 281,28-271,27 303180.896 214.2 8.89 ” † ”
A 280,28-271,27 303210.330 214.3 16.60 303210.7 0.36
A 281,28-270,27 303210.330 214.3 16.60 ” † ”
A 280,28-270,27 303210.330 214.3 63.10 ” † ”
A 281,28-271,27 303210.330 214.3 63.10 ” † ”
E 1910,9-1811,8 306374.732 167.3 13.30 306374.8 0.40
13CH3CH2CN
E 1413,1-1312,1 306460.811 107.8 24.60 306461.3 0.34 CH2
13CHCN
E 1611,6-1510,5 306483.382 124.8 7.91 306483.6 0.19
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Note.- Emission lines of CH3COOH in its ground torsional state (3t = 0) shown in Fig. A.8. Column 1 indicates the symmetry substate of the
torsional mode, Col. 2 gives the quantic numbers of the line transition, Col. 3 the predicted frequency in the laboratory, Col. 4 upper level energy,
Col. 5 the line strength (Sijµ2), Col. 6 observed centroid frequency (relative to a vLS R of 7.5 kms
−1), Col. 7 main beam temperature, and Col. 8
shows the blending with other molecular species.
† blended with the previous line.
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Table B.6. Lines of A-CH3COOH and E-CH3COOH in its first excited state 3t = 1.
Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
A 80,8-71,7 89615.790 134.0 21.40 89616.9 0.02
A 81,8-71,7 89615.790 134.0 0.23 ”† ”
A 80,8-70,7 89615.791 134.0 0.23 ”† ”
A 81,8-70,7 89615.792 134.0 21.40 ”† ”
A 81,7-72,6 98250.284 137.0 18.30 98250.5 0.02
A 82,7-72,6 98250.300 137.0 0.48 ”† ”
A 81,7-71,6 98250.385 128.5 0.48 ”† ”
A 82,7-71,6 98250.400 128.5 18.30 ”† ”
A 90,9-81,8 100286.607 138.8 23.90 100286.4 0.03
A 91,9-81,8 100286.607 138.8 0.64 ”† ”
A 90,9-80,8 100286.607 138.8 0.64 ”† ”
A 91,9-80,8 100286.607 138.8 23.90 ”† ”
A 101,10-91,9 110956.499 144.1 1.45 ... ... CH3COOH
A 100,10-91,9 110956.499 144.1 26.00 ...† ... ”
A 100,10-90,9 110956.499 144.1 1.45 ...† ... ”
A 101,10-90,9 110956.499 144.1 26.00 ...† ... ”
A 102,8-93,7 128521.154 151.6 20.90 128521.2 0.04
A 103,8-93,7 128521.174 151.6 0.80 ”† ”
A 102,8-92,7 128521.272 151.6 0.80 ”† ”
A 103,8-92,7 128521.292 151.6 20.90 ”† ”
A 2511,14-2510,15 137506.799 380.8 28.70 137507.1 0.01
A 2512,14-2511,15 137507.660 380.8 28.70 ”† ”
A 112,9-103,8 139239.342 158.2 23.80 139239.5 0.07 A-CH2DCH2CN
A 113,9-103,8 139239.346 158.2 0.76 ”† ” ”
A 112,9-102,8 139239.362 158.2 0.76 ”† ” ”
A 113,9-102,8 139239.366 158.2 23.80 ”† ” ”
A 122,11-112,10 140986.735 161.0 2.11 140986.6 0.04
A 121,11-112,10 140986.735 161.0 28.20 ”† ”
A 121,11-111,10 140986.736 161.0 2.11 ”† ”
A 122,11-111,10 140986.736 161.0 28.20 ”† ”
A 130,13-121,12 142960.828 163.1 32.50 142960.9 0.08
A 131,13-120,12 142960.828 163.1 32.50 ”† ”
A 130,13-120,12 142960.828 163.1 3.62 ”† ”
A 131,13-121,12 142960.828 163.1 3.62 ”† ”
A 140,14-130,13 153627.207 170.5 18.80 153627.2 0.06
A 141,14-131,13 153627.207 170.5 18.80 ”† ”
A 140,14-131,13 153627.207 170.5 20.20 ”† ”
A 141,14-130,13 153627.207 170.5 20.20 ”† ”
E 113,8-104,7 154548.638 155.8 15.00 154548.5 0.02 E-CH3OC
18OH
A 114,7-105,6 157512.093 165.1 18.50 157512.2 0.05
A 123,9-114,8 159083.049 169.5 23.40 159083.4 0.06
A 124,9-114,8 159083.072 169.5 1.16 ”† ”
A 123,9-113,8 159083.170 169.5 1.16 ”† ”
A 124,9-113,8 159083.192 169.5 23.40 ”† ”
E 132,11-123,10 164977.374 166.9 22.40 164977.9 0.09 U-line
E 133,11-123,10 164977.397 166.9 7.01 ”† ” ”
E 132,11-122,10 164977.491 166.9 7.01 ”† ” ”
E 133,11-122,10 164977.514 166.9 22.40 ”† ” ”
E 141,13-132,12 165022.332 169.1 27.00 165022.4 0.22 SO
18O
E 142,13-132,12 165022.332 169.1 8.52 ”† ” ”
E 142,13-131,12 165022.332 169.1 27.00 ”† ” ”
E 141,13-131,12 165022.332 169.1 8.52 ”† ” ”
A 154,11-145,10 200681.028 200.5 28.50 200681.2 0.22
13CH3CH2CN
A 155,11-145,10 200681.033 200.5 1.80 ”† ” ”
A 154,11-144,10 200681.051 200.5 1.80 ”† ” ”
A 155,11-144,10 200681.056 200.5 28.50 ”† ” ”
A 172,15-162,14 203449.347 209.1 1.42 203449.5 0.23
A 173,15-163,14 203449.347 209.1 1.42 ”† ”
A 172,15-163,14 203449.347 209.1 40.40 ”† ”
A 173,15-162,14 203449.347 209.1 40.40 ”† ”
A 191,18-182,17 215677.731 222.7 23.70 215677.8 0.38 CH3CH2CN
A 192,18-181,17 215677.731 222.7 23.70 ”† ” ”
A 191,18-181,17 215677.731 222.7 26.90 ”† ” ”
A 192,18-182,17 215677.731 222.7 26.90 ”† ” ”
A 200,20-190,19 217607.963 225.5 20.80 217607.9 0.29
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Table B.6. continued.
Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
A 201,20-191,19 217607.963 225.5 20.80 ”† ”
A 200,20-191,19 217607.963 225.5 35.60 ”† ”
A 201,20-190,19 217607.963 225.5 35.60 ”† ”
E 173,14-164,13 217875.073 210.9 28.60 217875.2 0.12
E 174,14-164,13 217875.074 210.9 9.32 ”† ”
E 173,14-163,13 217875.079 210.9 9.32 ”† ”
E 174,14-163,13 217875.080 210.9 28.60 ”† ”
A 183,15-173,14 223473.929 226.1 37.60 223474.0 0.27 U-line
A 184,15-173,14 223473.929 226.1 37.60 ”† ” ”
A 183,15-173,14 223473.929 226.1 4.10 ”† ” ”
A 184,15-174,14 223473.929 226.1 4.10 ”† ” ”
A 192,17-183,16 224820.963 230.2 16.10 ... ... g+-CH3CH2OH
A 193,17-182,16 224820.963 230.2 16.10 ...† ... ”
A 192,17-182,16 224820.963 230.2 31.50 ...† ... ”
A 193,17-183,16 224820.963 230.2 31.50 ...† ... ”
A 201,19-191,18 226338.976 233.6 13.30 226338.9 0.45 U-line
A 202,19-192,18 226338.976 233.6 13.30 ”† ” ”
A 201,19-192,18 226338.976 233.6 40.10 ”† ” ”
A 202,19-191,18 226338.976 233.6 40.10 ”† ” ”
A 211,20-201,19 236998.151 245.0 56.30 236997.9 0.16
A 212,20-202,19 236998.151 245.0 56.30 ”† ”
E 220,22-210,21 239592.644 239.9 16.10 239592.8 0.22
E 221,22-211,21 239592.644 239.9 16.10 ”† ”
E 220,22-211,21 239592.644 239.9 46.00 ”† ”
E 221,22-210,21 239592.644 239.9 46.00 ”† ”
A 1211,2-1110,1 244310.542 187.2 20.70 244311.1 0.15
A 203,17-193,16 244889.621 249.1 11.60 244889.8 0.19
A 204,17-194,16 244889.621 249.1 11.60 ”† ”
A 203,17-194,16 244889.621 249.1 35.90 ”† ”
A 204,17-193,16 244889.621 249.1 35.90 ”† ”
A 212,19-203,18 246179.204 253.3 19.20 246179.4 0.25
A 213,19-202,18 246179.204 253.3 19.20 ”† ”
A 212,19-202,18 246179.204 253.3 34.10 ”† ”
A 213,19-203,18 246179.204 253.3 34.10 ”† ”
E 176,11-167,10 249386.058 229.2 19.80 ... ... A-CH3OCOH
E 194,15-185,14 249396.528 241.0 30.60 249396.8 0.25
E 195,15-185,14 249396.529 241.0 10.00 ”† ”
E 194,15-184,14 249396.535 241.0 10.00 ”† ”
E 195,15-184,14 249396.537 241.0 30.60 ”† ”
A 186,12-177,11 252180.413 244.0 30.30 252180.9 0.32
A 187,12-177,11 252180.436 244.0 2.80 ”† ”
A 186,12-176,11 252180.514 244.0 2.80 ”† ”
A 187,12-176,11 252180.537 244.0 30.30 ”† ”
A 231,22-221,21 258310.421 269.3 25.00 258310.2 0.40
A 232,22-222,21 258310.421 269.3 25.00 ”† ”
A 231,22-222,21 258310.421 269.3 37.10 ”† ”
A 232,22-221,21 258310.421 269.3 37.10 ”† ”
A 205,15-196,14 264064.114 263.3 36.50 264064.2 0.28 (CH3)2CO
A 206,15-196,14 264064.114 263.3 5.17 ”† ” ”
A 205,15-195,14 264064.114 263.3 5.17 ”† ” ”
A 206,15-195,14 264064.114 263.3 5.17 ”† ” ”
A 250,25-240,24 257902.634 285.4 61.80 270902.8 0.39
A 251,25-241,24 257902.634 285.4 61.80 ”† ”
A 250,25-241,24 257902.634 285.4 9.11 ”† ”
A 251,25-240,24 257902.634 285.4 9.11 ”† ”
A 197,12-188,11 272736.986 262.2 29.60 272737.1 0.44 U-line
A 198,12-188,11 272737.079 262.2 3.42 ”† ” ”
A 197,12-187,11 272737.384 262.2 3.42 ”† ” ”
A 198,12-187,11 272737.478 262.2 29.60 ”† ” ”
A 251,24-242,23 279614.765 295.6 32.00 279614.7 0.48 CH3
13CH2CN
A 252,24-241,23 279614.765 295.6 32.00 ”† ” ”
A 251,24-241,23 279614.765 295.6 35.90 ”† ” ”
A 252,24-242,23 279614.765 295.6 35.90 ”† ” ”
E 198,12-187,11 280729.453 260.6 21.40 280730.2 0.25
E 215,16-206,15 280730.326 274.6 32.60 ”† ”
E 216,16-206,15 280730.328 274.6 10.70 ”† ”
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Table B.6. continued.
Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
E 215,16-205,15 280730.334 274.6 10.70 ”† ”
E 216,16-205,15 280730.336 274.6 32.60 ”† ”
E 233,20-223,19 281447.580 284.3 14.10 281447.7 0.40 HC
13CCN 36=1
E 234,20-224,19 281447.580 284.3 14.10 ”† ” ”
E 233,20-224,19 281447.580 284.3 41.20 ”† ” ”
E 234,20-223,19 281447.580 284.3 41.20 ”† ” ”
A 260,26-251,25 281559.086 298.9 65.90 281559.2 0.18 t-CH3CH2OH
A 261,26-250,25 281559.086 298.9 65.90 ”† ” ”
A 260,26-250,25 281559.086 298.9 7.94 ”† ” ”
A 261,26-251,25 281559.086 298.9 7.94 ”† ” ”
A 207,13-198,12 283560.644 275.8 32.40 283560.9 0.44 CH2OHCHO
A 208,13-198,12 283560.666 275.8 3.49 ”† ”
A 207,13-197,12 283560.738 275.8 3.49 ”† ”
A 208,13-197,12 283560.759 275.8 32.40 ”† ”
A 252,23-243,22 288859.633 305.7 28.60 288860.0 0.27
A 253,23-242,22 288859.633 305.7 28.60 ”† ”
A 252,23-242,22 288859.633 305.7 36.30 ”† ”
A 253,23-243,22 288859.633 305.7 36.30 ”† ”
Note.- Emission lines of CH3COOH in its first torsional state (3t = 1) shown in Fig.A.9. Column 1 indicates the symmetry substate of the
torsional mode, Col. 2 gives the quantic numbers of the line transition, Col. 3 the predicted frequency in the laboratory, Col. 4 upper level energy,
Col. 5 the line strength (Sijµ2), Col. 6 observed centroid frequency (relative to a vLS R of 7.5 kms
−1), Col. 7 main beam temperature, and Col. 8
shows the blending with other molecular species.
† blended with the previous line.
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Table B.7. Lines of A-CH3COOH and E-CH3COOH in its second excited state 3t = 2.
Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
E 91,9-80,8 103199.044 221.4 18.70 103.1994 0.02
A 120,12-111,11 134315.650 219.1 22.70 134315.6 0.03
A 121,12-111,11 134315.675 219.1 10.10 ”† ”
A 120,12-110,11 134315.734 219.1 10.10 ”† ”
A 121,12-110,11 134315.759 219.1 22.70 ”† ”
E 112,10-101,9 137941.083 237.8 19.30 137940.9 0.02
A 102,8-93,7 137949.234 217.5 12.50 ... ... U-line
A 130,13-121,12 144975.035 226.1 24.50 144975.0 0.07
A 131,13-121,12 144975.042 226.1 11.20 ”† ”
A 130,13-120,12 144975.059 226.1 11.20 ”† ”
A 131,13-120,12 144975.067 226.1 24.50 ”† ”
E 122,11-111,10 147739.567 244.9 21.90 147739.7 0.03
A 112,9-103,8 148940.476 224.6 14.60 ... ... CH3CH2
13CN
E 106,4-96,4 153236.149 253.2 8.51 1532361.1 0.03
E 131,12-121,11 157870.443 252.5 4.97 157871.6 0.10 U-line
E 132,12-121,11 157871.672 252.5 24.50 ”† ” ”
E 104,6-94,6 159979.056 239.3 10.30 159979.1 0.05
E 144,10-135,9 205895.128 277.0 12.60 205895.2 0.08
A 181,17-172,16 210949.979 279.2 28.00 210950.1 0.20
A 182,17-172,16 210949.982 279.2 18.50 ”† ”
A 181,17-171,16 210949.986 279.2 18.50 ”† ”
A 182,17-171,16 210949.989 279.2 28.00 ”† ”
A 200,20-191,19 219603.944 289.1 4.33 219603.8 0.16
A 201,20-191,19 219603.944 289.1 51.70 ”† ”
A 201,20-190,19 219603.945 289.1 4.33 ”† ”
A 200,20-190,19 219603.945 289.1 51.70 ”† ”
A 191,18-182,17 221607.301 289.8 27.80 221607.3 0.15
A 192,18-182,17 221607.302 289.8 21.60 ”† ”
A 191,18-181,17 221607.304 289.8 21.60 ”† ”
A 192,18-181,17 221607.306 289.8 27.80 ”† ”
A 210,21-201,20 230266.006 300.2 16.40 230266.4 0.34
A 211,21-200,20 230266.006 300.2 16.40 ”† ”
A 210,21-200,20 230266.006 300.2 42.50 ”† ”
A 211,21-201,20 230266.006 300.2 42.50 ”† ”
E 169,7-159,6 239308.277 317.0 13.20 239308.2 0.14
E 220,22-211,21 240281.623 331.6 27.90 240282.1 0.38
E 220,22-210,21 240281.689 331.6 32.80 ”† ”
E 221,22-211,21 240282.734 331.6 32.90 ”† ”
E 221,22-210,21 240282.734 331.6 28.00 ”† ”
A 211,20-202,19 242927.233 312.6 3.11 242927.5 0.22
A 212,20-202,19 242927.235 312.6 52.10 ”† ”
A 211,20-201,19 242927.244 312.6 52.10 ”† ”
A 212,20-201,19 242927.245 312.6 3.11 ”† ”
A 193,16-184,15 246481.996 309.9 26.90 246482.1 0.15
A 194,16-184,15 246482.478 309.9 15.30 ”† ”
A 193,16-183,15 246483.288 309.9 15.30 246482.7† 0.12
A 194,16-183,15 246483.770 309.9 26.90 ”† ”
A 194,15-185,14 258888.644 318.8 24.40 ... ...
34SO2
A 231,22-222,21 264245.895 337.5 20.10 264245.4 0.39
A 232,22-222,21 264245.896 337.5 40.90 ”† ”
A 231,22-221,21 264245.896 337.5 40.90 ”† ”
A 232,22-221,21 264245.896 337.5 20.10 ”† ”
E 232,21-223,20 274805.981 367.5 38.30 274806.6 0.18
E 233,21-223,20 274806.480 367.5 18.30 ”† ”
E 232,21-222,20 274806.888 367.5 18.20 ”† ”
E 233,21-222,20 274807.387 367.5 38.30 ”† ”
A 241,23-232,22 274928.126 350.7 22.90 274928.3 0.27
A 242,23-232,22 274928.126 350.7 41.00 ”† ”
A 242,23-231,22 274928.126 350.7 22.90 ”† ”
A 241,23-231,22 274928.126 350.7 41.00 ”† ”
A 214,17-205,16 279991.074 345.2 27.60 279992.0 0.18
13CH2CHCN
A 215,17-205,16 279992.133 345.2 16.80 ”† ” ”
A 214,17-204,16 279993.781 345.2 16.80 279994.1† 0.19 ”
A 215,17-204,16 279994.840 345.2 27.60 ”† ” ”
E 260,26-251,25 282839.655 382.8 20.20 282839.7 0.27 t-HCOOD
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Table B.7. continued.
Torsional substate Transition Predicted Eupp S i jµ2 Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) (D
2) frequency (MHz) (K)
E 261,26-251,25 282839.655 382.8 52.40 ”† ” ”
E 261,26-250,25 282839.655 382.8 20.20 ”† ” ”
E 260,26-250,25 282839.655 382.8 52.40 ”† ” ”
A 1010,1-99,0 283412.799 250.4 19.50 283412.9 0.18
A 1010,0-99,1 283412.822 250.4 19.50 ”† ”
E 251,24-242,23 284182.944 382.7 7.84 284183.1 0.16
E 252,24-242,23 284183.053 382.7 57.10 ”† ”
A 251,24-242,23 285605.657 364.4 28.50 285605.9 0.31
A 252,24-241,23 285605.657 364.4 28.50 ”† ”
A 251,24-241,23 285605.657 364.4 38.30 ”† ”
A 252,24-242,23 285605.657 364.4 38.30 ”† ”
A 233,20-224,19 288939.884 362.3 53.10 288940.1 0.36 U-line
A 233,20-223,19 288939.934 362.3 0.68 ”† ” ”
A 234,20-224,19 288940.074 362.3 0.68 ”† ” ”
A 234,20-223,19 288940.124 362.3 53.10 ”† ” ”
Note.- Emission lines of CH3COOH in its second torsional state (3t = 2) shown in Fig.A.10. Column 1 indicates the symmetry substate of the
torsional mode, Col. 2 gives the quantic numbers of the line transition, Col. 3 the predicted frequency in the laboratory, Col. 4 upper level energy,
Col. 5 the line strength (Sijµ2), Col. 6 observed centroid frequency (relative to a vLS R of 7.5 kms
−1), Col. 7 main beam temperature, and Col. 8
shows the blending with other molecular species.
† blended with the previous line.
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Table B.8. Spectroscopic lines of CH2OHCHO in its ground state 3t=0.
Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
173,14-172,15 90507.266 93.8 9.26 90507.3 0.02
246,18-245,19 93048.504 191.6 18.82 93048.5 0.02
90,9-81,8 93052.668 23.3 7.34 93052.8 0.03
100,10-91,9 103391.279 28.3 8.37 103391.3 0.04
101,9-92,8 103667.906 31.9 4.83 103668.0 0.02
101,10-90,9 104587.696 28.4 8.39 104587.7 0.04
216,15-215,16 106067.412 151.6 14.10 106067.3 0.02
162,14-161,15 112341.668 80.1 5.82 112341.7 0.02
115,7-114,8 112444.290 51.9 5.58 ... ... U-line
145,10-144,11 112472.780 73.8 7.74 112473.0 0.03
155,11-154,12 113233.047 82.2 8.42 113233.0 0.03
110,11-101,10 113569.526 33.8 9.40 113569.4 0.04
111,11-100,10 114264.429 33.8 9.40 114264.5 0.09
120,12-111,11 123646.727 39.8 10.42 123646.8 0.07
203,17-202,18 126916.909 126.1 8.80 126916.9 0.03
121,11-112,10 128797.109 44.4 7.03 128797.1 0.04
215,17-214,18 133572.251 144.6 11.16 133572.3 0.06 CH3CHO 3t=1
196,14-195,15 135013.714 128.1 10.89 135013.7 0.02
146,8-145,9 135222.176 80.3 7.19 135222.1 0.03
206,15-205,16 135833.351 139.4 11.58 135833.3 0.04
146,9-145,10 136504.252 80.3 7.17 136504.7 0.04 U-line
73,5-62,4 138436.791 21.0 2.78 138436.6 0.03
96,3-95,4 138830.859 46.9 3.46 138830.5 0.04
76,1-75,2 139222.751 37.4 1.87 139223.0 0.04 U-line
76,2-75,3 139223.851 37.4 1.87 ” † ” ”
54,1-43,2 146444.979 18.0 3.48 146445.0 0.06 E-CH3O13COH
223,19-222,20 149616.384 150.0 8.75 149616.8 0.03 (CH3)2CO
287,22-278,19 150032.481 257.8 3.24 150034.5 0.03
217,14-216,15 150034.484 158.8 11.99 ” † ”
150,15-141,14 153597.997 60.5 13.44 153598.2 0.18
207,13-206,14 153614.223 147.0 11.13 153614.6 0.04 U-line
151,15-140,14 153666.951 60.5 13.44 153666.8 0.08
266,21-265,22 157736.896 218.9 14.21 157737.1 0.04
64,3-53,2 157780.346 21.4 3.54 157780.2 0.09 CH3OCOD, U-line
187,11-186,12 158399.310 125.0 9.53 158399.1 0.06
233,20-232,21 160274.749 162.6 8.75 160275.1 0.07 He+ (34alpha)
152,13-143,12 160493.769 71.3 6.42 160493.9 0.15
177,11-176,12 160694.045 115.0 8.76 160694.3 0.16 CH3
13CH2CN
234,20-233,21 163412.208 162.7 8.72 163412.2 0.08 U-line
160,16-151,15 163542.290 68.3 14.45 163542.2 0.33 U-line
213,19-212,20 163544.085 131.2 5.82 ” † ” ”
161,16-150,15 163580.087 68.3 14.45 163580.1 0.17
152,14-141,13 164047.051 66.5 10.28 164047.3 0.13
107,3-106,4 164264.518 60.3 3.53 164265.3 0.11
107,4-106,5 164265.723 60.3 3.53 ” † ”
173,15-162,14 198094.147 89.7 8.86 198093.9 0.11 A-CH3OCOH 3t=1
358,28-357,29 198098.646 393.3 20.22 ” † ” ”
191,18-182,17 202434.016 102.5 14.37 202434.0 0.19
192,18-181,17 202701.919 102.5 14.38 202701.9 0.10
269,18-268,19 205568.546 245.0 14.28 205568.3 0.13
189,9-188,10 213181.620 144.2 8.19 213182.4 0.28
189,10-188,11 213186.330 144.2 8.19 213186.7 0.28
210,21-201,20 213191.865 114.7 19.47 213191.9 0.22
211,21-201,20 213192.462 114.7 20.84 ” † ”
210,21-200,20 213192.986 114.7 20.84 213193.7† 0.22
211,21-200,20 213193.582 114.7 19.47 ” † ”
124,9-113,8 213689.962 53.2 3.88 213690.0 0.10 SO
18O
193,17-182,16 214481.076 109.5 11.00 214481.2 0.20
119,2-118,3 215150.266 85.8 2.81 215150.5 0.21
119,3-118,4 215150.267 85.8 2.81 ” † ”
211,20-202,19 222352.417 123.4 16.40 222352.7 0.16
144,11-133,10 223738.670 68.4 4.24 223738.9 0.22
222,21-211,20 232335.444 134.5 17.42 232335.5 0.15
1910,9-199,10 238828.483 166.3 8.28 238828.6 0.33 CH2CHCN 311=1
1910,10-199,11 238828.915 166.3 8.28 ” † ” ”
5714,43-5713,44 238830.161 1047.9 38.88 ” † ” ”
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Table B.8. continued.
Transition Predicted Eupp S i j Observed TMB Blends
JKa ,Kc − J′K′a ,K′c frequency (MHz) (K) frequency (MHz) (K)
409,32-3910,29 238830.660 510.8 3.92 ” † ” ”
1710,7-179,8 239540.065 145.7 6.80 239540.4 0.31 U-line
1710,8-179,9 239540.118 145.7 6.80 ” † ” ”
222,20-213,19 241131.867 142.8 14.15 241132.1 0.25 A-
13CH3OCOH
240,24-231,23 242957.815 148.3 22.48 242958.4 0.32
241,24-231,23 242957.904 148.3 23.84 ” † ”
240,24-230,23 242957.983 148.3 23.84 ” † ”
241,24-230,23 242958.072 148.3 22.48 ” † ”
204,17-193,16 245711.242 126.7 8.32 245711.5 0.34 CH2
13CHCN
241,23-232,22 252131.626 158.3 19.43 252132.3 0.45 E-
13CH3OCOH, CH2CDCN
242,23-231,22 252147.029 158.3 19.43 252146.9 0.31
251,24-242,23 262048.278 170.8 20.44 262048.1 0.69
252,24-241,23 262056.817 170.8 20.44 262057.2 0.46
260,26-251,25 262794.278 173.0 24.48 262794.8 0.35
261,26-251,25 262794.302 173.0 25.83 ” † ”
260,26-250,25 262794.324 173.0 25.83 ” † ”
261,26-250,25 262794.349 173.0 24.48 ” † ”
2111,10-2110,11 263999.212 201.8 9.12 263999.3 0.19
2111,11-2110,12 263999.311 201.8 9.12 ” † ”
116,6-105,5 266101.126 58.5 5.68 266101.7 0.35
244,21-233,20 273970.301 175.7 12.70 273970.5 0.46 HCCCN 35+37
2512,13-2511,14 288247.986 268.1 11.42 288248.5 0.14
2512,14-2511,15 288248.136 268.1 11.42 ” † ”
2212,10-2211,11 289541.531 228.0 9.21 289541.9 0.51
2212,11-2211,12 289541.539 228.0 9.21 ” † ”
290,29-281,28 292536.778 213.7 27.49 292536.5 0.98 CH3COOH
291,29-281,28 292536.782 213.7 28.83 ” † ”
290,29-280,28 292536.785 213.7 28.83 ” † ”
291,29-280,28 292536.788 213.7 27.49 ” † ”
127,6-116,5 303089.537 73.1 6.65 303089.9 0.27
127,5-116,6 303093.956 73.1 6.65 303094.2 0.46 CH3SH 3=0
Notes. Emission lines of CH2OHCHO in its ground state (3t=0) present in the spectral scan of the Orion-KL from the radio-telescope of IRAM
30m. Column 1 gives the quantic numbers of the line transition, Col. 2 the predicted frequency in the laboratory, Col. 3 upper level energy, Col. 4
the line strength, Col. 5 observed centroid frequency (relative to a vLS R of 7.5 kms
−1) , Col. 6 main beam temperature, and Col. 7 shows the
blending with other molecular species.
† blended with the previous line.
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